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Abstract
C ook, R obyn C ., M .S ., 2005 G eology
D efin ing  river recharge and  the fate o f  arsenic in the  shallow  groundw ater system  
ad jacen t to  a lo sing  river, W estern  M ontana.
C hair/D irector: W illiam  W . W oessner^îiX ^^'^^^  ̂^ ^
G roundw ater supplies d rink ing  w ater to approxim ately  50%  o f  the U nited  S tates 
population . T he M issou la  V alley  A quifer is a  Sole Source A quifer and p rov ides w ater fo r 
over 60 ,000  residen ts o f  the  M issoula  V alley. It has becom e largely  recognized  that rivers 
and g roundw ater can  be  h igh ly  connected, and  th is has im plications for w ater supply  
w ells located  near rivers. In these settings the  quality  o f  w ater that is be ing  infiltrated  
th rough  the  river banks is o f  concern, even  though bank storage and in filtration  are 
v iew ed  to serve as a first line  o f  defense to sustain w ater supplies against pathogens and 
trace  m etals.
T he C lark  Fork  R iver and the  M issoula  V alley  A quifer are so w ell connected  it is hard  
to  d istingu ish  one fi*om the other. T he chem ical sim ilarities m ake it d ifficu lt to u se  a 
chem ical m ix ing  m odel in  th is setting. It has been  found that groundw ater, especially  
shallow  groundw ater near the  C lark  Fork R iver, follow s the sam e tem poral trends for 
bo th  iso topes and conservative  chem istry, suggesting that the river is w ell connected  to 
shallow  groundw ater in  the  M adison area o f  M issoula. D eeper groundw ater near the  river 
and groundw ater in  m ore d istal areas o f  the study area have m ore stable chem istry  than  
the  surface water.
T h is study  has show n that there are changes in  groundw ater arsenic concentrations w hen  
there are  changes in  surface w ater arsenic concentrations. U nfortunately , due to the 
com plex ity  o f  the natural system , the pred iction  o f  w here, w hen or to w hat ex tent surface 
w ater chem istry  in fluences groundw ater is lim ited at best. It is a lm ost certain  that i f  the 
river ever contained h igh  concentrations o f  arsenic (o r any  o ther hazardous m ateria l) that 
bo th  shallow  and deep  g roundw ater w ill be  affected. T he C lark  Fork  R iver is serving as a 
source o f  all chem ical constituents to  the  aquifer. W hile  these constituents m ay  b e  stored 
in  the  vadose  zone for periods o f  tim e, eventually  groundw ater th roughout the  vafiey w ill 
b e  affected  by  surface w ater chem istry. G roundw ater on the north  side o f  the riv er does 
n o t appear to be im pacted  b y  the C lark  Fork  R iver chem istry, especially  w ith  d istance 
fi’om  the  river.
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Introduction
G roundw ater supplies d rink ing  w a te r to  app rox im ate ly  50%  o f  the  U n ited  S tates 
p o p u la tio n  [Solley et. a /., 1993 and 1998]. It has becom e large ly  recogn ized  that rivers 
and  g roundw ater can  be h igh ly  connected , and  th is has im plica tions for w ater supply  
w ells  located  near rivers [Bow ers a n d  Caldwell., 2003; D erouane  a n d  D assargues, 1998; 
K e lly  ̂ 2002; M cC arthy  e t a l., 1992]. In these  se ttings th e  qua lity  o f  w ater tha t is be ing  
in filtra ted  th rough  th e  riv e r banks is o f  concern  [E ckert e t a i ,  2002; Chen a n d  Chen, 
2003], even  though  b an k  storage and in filtra tion  are v iew ed to  serve as a first line  o f  
defense  to  susta in  w ater supplies against pa thogens and  trace  m etals [Sheets et. al., 2002; 
H erb erg er e t al., 2004].
T he  M issou la  V a lley  A qu ifer is a  So le  Source A qu ifer and provides w a ter for 
over 60 ,000  residen ts o f  the  M issou la  V alley. T he aqu ifer is unconfined  and coarse  
g rained . In the  eastern  po rtion  o f  the  aquifer, includ ing  the c ity  o f  M issoula, the  C lark 
F o rk  is a  source o f  g roundw ater recharge, from  50%  to  over 90%  [W oessner, 1988; 
M iller , 1991; L aF ave, 2002]. Several h igh  yield  p roduction  w ells operated  b y  M ountain  
W ate r C om pany  are located  near the  river. T he  cap ture  zones to these  w ells and  areas o f  
con tribu tion  have  no t been  fu lly  derived . T he  ob jee tive  o f  th is study w as to  iden tify  the 
recharge  sources for the  easte rn  po rtion  o f  th e  M issou la  V alley  A quifer, and  to  quantify  
how  recharge  sources im pact p roduced  w ater quality . O f  special concern  is de term in ing  
h o w  d isso lved  arsen ic  in  riv e r w ater behaves during  in filtra tion  and transport from  the 
su rface  w a te r to the  groundw ater. T h is w ork  assesses the u tility  o f  evaluating  th is 
com p lex  physical and geochem ical system  u sing  a m ix in g  m odel approach.
1
M ixing  m odels have been  used  in  num erous studies to de term ine  the  sources and 
quan tities o f  w ater found in  stream s during  storm  events [H ooper a n d  Shoem aker, 1986; 
GeneretÀX e t aL, 1993; O gunkoya a n d  Jenk in s, 1993; D u ra n d  a n d  Torres, 1996; Vitvar 
a n d  B a lderer, 1997; K en d a ll e t al., 1999; K atsuyam a et al., 2001; Joerin  e t al,, 2002] and 
to  g roundw ater [M cC arthy e t al., 1992; M a u lé  e t al., 1994; D atta  e t al., 1996]. End 
m em ber m ix ing  analysis (E M M A ) relies on  source w aters hav in g  d istinc t chem ical 
signatures. A s a  resu lt, the  stream  w ater b e in g  investigated  is considered  a com bination  
o f  end-m em bers, depend ing  on  the  quan tity  o f  each  com ponen t that is con tribu ted  to  the  
stream . T he  sam e theo ry  can  b e  applied  to  groundw ater. C om m on chem ical constituen ts 
u sed  as tracers are  calcium , m agnesium , po tassium , sodium , iron , silica, ch lo ride  and 
fluoride [K ennedy e t al., 1986; O brdadovic  a n d  Sklash , 1987; Joerin  e t al., 2002; K elly, 
2002]. Ideally , th is study  w ill m ake it possib le  to  p red ic t the  concentra tions o f  chem ical 
e lem ents in  g roundw ater as a function o f  d iscernab le  recharge  source chem istry .
In  add ition  to app ly ing  standard  geochem ical constituen t analyses, stab le  iso topes 
w ere  also assessed. Iso top ic  data  have been  used  to determ ine  surface w ater and 
g roundw ate r m ixing . [Stichler a n d  M oser, 1977; Sklash  a n d  F arvo lden , 1979; M u ir a n d  
C oplen, \9 S \',  P ayne, \9% \\ F erronsky  e t al., \9%2', P ayne, \9%'h\ K ennedy  e t al., 1986; 
la cov ides, 1988; D a rlin g  e t al., 1990; K ra b b en h o ft e t al., 1990; M cC arthy  e t a l., 1992; 
Taylor e t a l., 1992; K a y e t al., 2002; K elly , 2002; C onstan tz e t al., 2003]. T hese  studies 
u tilized  and (or ÔD) as tracers because  these  na tu ra lly  occurring  stab le  iso topes 
behave  conservatively .
T he  iso top ic  com position  o f  river w ater and g roundw ater recharge  sources o ften
v a ry  because  o f  iso top ic  fractionation  that occurs as w ater en ters and  m oves th rough  a 
w atershed . [C oplen, 1993; C oplen e t al., 1999]. F or exam ple, th e  process o f  w ater 
evapo ra ting  and then  be ing  condensed  iso la tes the  heav ier iso tope  (F igure  1).
'®0 = -12%o 
"H = -86%o
O  = -3%o 
= -14%o
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F igure  1. F rac tionation  o f  ÔO and ÔD. [A fter C oplen e t a l., 1999]. C oncen tra tions are 
show n as the  ra tio  o f  w a ter (w ater vapor o r rain ) to  the  standard  (V ienna S tandard  M ean  
O cean W ater o r V S M O W ) and  sym bolized  as % o .
T he am oun t o f  h eav y  iso topes in  any  g iven  p rec ip ita tion  even t varies spatia lly  depending  
on  altitude, la titude, season, the  d istance in land  from  the  ocean , and the  m agn itude  o f  
p rec ip ita tion  [Coplen  et al., 1999].
U sing  iso topes in m oun ta inous catchm ents has a llow ed  investigators to  determ ine 
source  w ater because  p rec ip ita tion  o rig inating  a t various elevations has d ifferen t 
signatures that can  be  iden tified  [H ooper a n d  Shoem aker, 1986; Sklash , 1990; M ayo  e t 
al., 1992; Taylor e t a l., 1992; H o eg  e t al., 2000]. Iso topes m ay  also be  u sed  to  determ ine 
sources o f  w a ter to  a  stream , as long  as the  end m em bers are  sign ifican tly  different. 
U sually  stud ies seek  to iso la te  pairs o f  sources such  as o ld  g roundw ater and  p rec ip ita tion , 
o r  sto red  g roundw ater and  snow m elt. Several studies have used  in snow m elt to
calcu late  the  am ount o f  new  w ater that is in troduced  to  a system  during  ru n o ff  [H ooper  
a n d  Shoem aker, 1986; M aulé  et. al., 1994; Shan ley  et. a l., 2002; Taylor et. a l., 2002; 
H u th  et. a l., 2004].
S klash  and  Farvo lden  [1979 and 1982] set up  criteria  fo r u sing  iso topes to 
separa te  new  and old sources o f  w ater:
1. T he g roundw ater and baseflow  are  characterized  b y  a sing le  iso top ic  content.
2. T he  ra in  or snow m elt w ater is characterized  b y  a sing le  iso top ic  conten t or 
varia tions in  the iso top ic  conten t are docum ented .
3. T he iso top ic  conten t o f  the  event w ater is sign ifican tly  d ifferent from  the 
g roundw ater/baseflow .
4. V adose  w ater con tribu tions to the  stream  are neglig ib le.
5. Surface sto rage w ater con tribu tions to the  stream  are neglig ible .
S tudy  sites that fit all o f  th e  above criteria  are  su itab le  for u sing  iso topes as tracers. 
U nfortunate ly , tw o  m ajo r d isadvantages to u sing  iso topes are that the  o ld  and new  w ater 
m u st have  d ifferen t iso top ic  signatures, and  that can  no t be  k now n  w ith  any  certain ty  
befo re  the  study. L aFave [2002] collected  deuterium , arsenic, rad ioactive  iso tope 
and env ironm ental tracer data  fo r the  M issou la  V alley  A quifer. H is w ork  show ed a 
sign ifican t seasonal varia tion  in  the  iso top ic  com position  o f  the  river w ater and 
groundw ater.
In add ition  to  sorting  out the  sources o f  recharge  to the  M issou la  V alley  A quifer, 
the  occurrence  o f  and  b eh av io r o f  d isso lved  arsen ic  in  recharge  sources and w ith in  the 
aqu ife r w ere  a lso  investigated . T his is o f  pa rticu lar concern  as current river and
w atershed  cond itions contribu te  arsenic to  the  riv e r and  it is an tic ipated  the  levels m ay  
rise  o r b eco m e  m ore  variab le  during  a dam  rem oval opera tion  p lanned  for the  M illtow n  
D am  located  approx im ate ly  6 river m iles upstream  o f  M issoula. A rsen ic  has b een  found 
in  g roundw ater across the  U .S ., in  concen tra tions b o th  above and be low  the  curren t E PA  
lim it o f  50  p g /L  (parts p e r b illion ) [Welch^ 2000; see A ppendix  1]; the  p roposed  new  
lim it, th a t w ill b e  in  effect starting  January  23, 2006, is 10 pg/L . A t the  M illtow n  dam  site 
it is estim ated  that there  is be tw een  1500 and 2650 M T  (m etric  tons) o f  arsen ic  being  
stored  in  the  M illtow n  reservo ir sed im ents [M oore  a n d  W oessner, 2003]. W hile  the  
M illtow n reservo ir serves as a sink  fo r arsen ic  during  periods o f  low  flow , is has been  
show n that du ring  peak  flow s the  sed im ent in  the reservo ir is rem obilized  and 
con tam inated  sed im ent is released  dow nstream  [M ickey, 1998; Shiffle tt, 2002]. Som e o f  
the arsenic in the  reserv o ir sed im ent is also released  in to  the  local g roundw ater and po re  
w ater th rough  ox idation  o f  m etal su lfides [M ickey, 1998]. T he M illtow n D am  is 
schedu led  fo r rem oval over the w in ter o f 2006-2007  and during  th is process 2 M T  o f  the 
m ost con tam inated  sed im ent is scheduled  to  b e  rem oved  w hile  the  rem ain ing  
approx im ate ly  6 M T  w ill be  left in  p lace. T he  E P A  has p roposed  that d isso lved  arsenic 
concen tra tions in  the river w ill be a llow ed to  increase  to  10 pg /L  for 30 days and up  to 
340 pg /L  fo r single 24 hours periods. C oncern  has been  vo iced  that rem ed ia tion  and 
resto ra tion  actions m ay  im p act the  C lark  F ork  R iver and o ther possib le  recharge  sources 
to the  M issou la  V a lley  A quifer.
In general the  geochem ical cond itions that in fluence  the  transport o f  d isso lved  
arsen ic  from  an im pacted  riv e r to  th e  underly ing  g roundw ater are  no t w ell understood.
Few  stud ies have  focused  on  how  arsenic behaves in  the  vadose  zone betw een  a riv er and 
an a lluv ial aquifer. N agorsk i and M oore  [1999] found  elevated  levels o f  arsen ic  in a 
hyporheic  zone, con ta in ing  sed im ents com posed  p artia lly  o f  m ine  w aste. B ourg  and 
B erlin  [1993] investigated  the  in filtration  o f  river w ater to an  alluvial aqu ife r and  found 
that several p rocesses took  p lace  to reduce  the  concen tra tion  o f  m anganese  a long  the 
flow path . C ontro ls on  the  occurrence  and m ig ra tion  o f  arsenic include  adsorp tion , 
d isso lu tion , p rec ip ita tion  and redox  reactions. Several stud ies have  found tha t arsenic is 
sorbed  to  iron  and  m anganese  oxyhydroxides, and  is re leased  w hen  these  ox ides are 
d isso lved  due to chang ing  redox  conditions [G oldberg  , 1986; P eterson  a n d  C arpenter, 
1986; A g g e tt a n d  K reigm ann , 1988; M oore  et. ah , 1988; M asscheleyn  et. a l., 1991 ; Lucy, 
1996; M ann ing  a n d  G oldberg, 1997; N icho la s et. a l., 2003 and  others].
H opefu lly , understand ing  the  fate  o f  arsen ic  in  the C lark  Fork  R iver and the 
M issou la  V alley  A qu ifer w ill lead  to an understand ing  o f  arsenic fate and suggest how  
changes in  surface w ater qua lity  m ay  in fluence  produced  groundw ater quality .
Site Description
T he study  area encom passes app rox im ate ly  5.8 mi^ in  the  M issou la  V alley  o f  
W estern  M ontana  (4 6 °5 2 ’30”N , 114°0’0 ”W ) (F igure  2). T he C lark  Fork  R iver, w hich  
flow s th rough  th e  valley , drains an a rea  o f  6 ,000  mi^, 28%  o f  the entire area  o f  the  riv e r’s 
basin  in  M ontana. A verage  d ischarge  fo r th e  C lark  Fork  in  the  study  area peaks at 
app rox im ate ly  10,000 cub ic  feet p e r second  (cfs) in  June, and  is u sually  at a  m in im um  o f  
be tw een  1,200 and  1,500 cfs from  S eptem ber to January  [U SG S CFR above M issoula ,
b a sed  on  a 75 y e a r  average]. T h e  hyd ro g rap h  fo r th is  study  period , A pril 28, 2004  to 
Ju ne  16, 2005 (F igure  3) co rresponds w ith  a  p e rio d  o f  d rough t w here  stream  d ischarge  is 
less than  average.
T he c ity  o f  M isso u la  rece iv es an  average  o f  13.53 inches o f  p rec ip ita tion  
annually . T he average  h ig h  and  low  tem pera tu res are  86 °F in  Ju ly  and  31 °F in  January  
[NRIS, b ased  on records fr o m  1893 to 2004]. C urren tly , the  reg ion  is in  a  p e rio d  o f  
m odera te  to severe  d rough t, and  has b een  fo r the  p a st fou r to seven  years [NRIS, 2005]. 
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Figure 2. The study area is located in the city o f  M issoula in W estern Montana (A). Sample 
locations are spaced throughout the city (B), with the highest density in the M adison Bridge area
(C). Samples were taken from surface water, shallow and deep monitoring wells and production 
wells.
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F igure  3. T h e  h y d ro g rap h  fo r the  C lark  F ork  R iv e r du ring  the  s tudy  period . T here  w as a 
p e rio d  o f  non -reco rd  d u rin g  Jan u ary  b ecau se  o f  ice  cover. In general, th e  h y d rog raph  is 
b e low  the seven ty -five  y ear average  (red  line).
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F igure  4. A verage  snow pack  fo r th e  U p p e r C lark  F ork  R iver B asin . F rom  D ecem ber 
2004  to  M ay  2005 values w ere  c lo se  to  o r b e lo w  the  30 year m in im um . (F rom  N R IS .)
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U nderly ing  the  entire  va lley  floor is  the  M issou la  V alley  A quifer. T h is 
uncon fm ed  aqu ifer consists o f  Q uaternary  g lacial and  fluvial deposits o f  silt, sand, gravel, 
cobb les and boulders. P rev ious w ork  iden tified  th ree  general layers: T he  top  10 to  30 ft 
is  coarse  b u t o ften  lies above the saturated  zone, and  is underla in  b y  roughly  40  ft o f  finer 
m ateria l. B elow  the  fine m ateria l is the  p rim ary  w ater bearing  unit, w hich  ranges fi’om  50 
to  100 ft in  th ickness and  is dom inated  b y  coarse  m ateria l [JVoessner, 1988]. In  the  valley  
the  aqu ifer overlies m uch  finer g rained  T ertia ry  sed im ents [C/ar/c, 1986; M organ^ 1986; 
Woessner^ 1988] (F igure  5), and  in  H ellgate  C anyon the  coarse deposits are  underla in  b y  
the  M issou la  G roup  o f  the  B elt Supergroup  bedrock  [G estring, 1994; N yquest, 2001].
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P ÿ |  Precam brlan Bedrock
F igure  5. L ocation  m ap  and schem atic  c ro ss sec tion  o f  the  M issou la  V alley . T he 
M isso u la  V alley  A quifer is in  the  V a lley  A lluv ium , w h ich  is underla in  b y  T ertia ry  
sed im ents. In H ellgate  C anyon  the  aq u ife r is d irec tly  on  top  o f  the  P recam brian  B edrock. 
(A fter M organ , 1986)
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G roundw ater flow  through  the eastern  p o rtion  o f  the  va lley  is genera lly  to the  
sou thw est sou th  o f  the  C lark  Fork  R iver, and  northw est no rth  o f  the  riv e r (F igure  6). 
H orizon ta l hydrau lic  conductiv ity  for the  study  area  ranges from  800 to  20 ,000  feet per 
day  [Tallman^ 2005]. T he C lark  Fork  R iver is perched  above the unconfined  aquifer, 
separated  b y  a  vadose  zone that is approx im ate ly  5 ft th ick  in  H ellgate  C anyon and 1 7 f t  
in  the  M ad ison  a rea  [Tallm an, 2005]. A ccord ing  to  T allm an  [2005] recharge 
con tribu tions to  th e  aqu ifer are  as follow s:
S o u rc e P e rc e n ta g e  C o n tr ib u te d  to  M isso u la  A q u ife r
T he C lark  F ork  R iver 82 .6%  (148 ,300  - 510 ,200  acre-ft/year)
R attlesnake C reek 2 .4%  (4 ,159 — 14,808 acre-ft/year)
U nderflow  from  H ellgate  C anyon 11.9%  (32 ,000  — 64 ,000  acre-ft/year)
U nderflow  from  R attlesnake C reek 0.5%  (1,175 — 2,866 acre-ft/year)
L ine L oss from  M t. W ater C om pany 1.6%  (4,929 — 7,842 acre-ft/year)
A d jacen t T ertia ry  H ills 0 .3%  (511 — 2,043 acre-ft/y r
In flow  from  P a tty  C reek D rainage 0.6%  (1,304 — 1,956 acre-ft/year)
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Figure  6. G roundw ater flow  fo r the  M issou la  V alley . F low  is to the  sou thw est on  the 
sou thern  side  o f  the  C lark  Fork  R iver, and to  the  no rthw est on  the no rthern  side o f  the 
river. N o te  the  steep  g rad ien t in the  m ou th  o f  the  R attlesnake drainage.
T he w ater pu rv ey o r for the  c ity  o f  M issou la  is M oun ta in  W ater C om pany. It 
opera tes 36 w ells in the  m ain  v a lley  area; all o f  the ir w ells genera lly  are 8 to 18 inches in  
d iam eter. T he w ells fin ished  in  the  eastern  po rtion  o f  the  aqu ifer are  com pleted  to a  dep th  
o f  90 to 270 ft below  land  su rface  (one  w ell is fin ished  at 360 ft be low  land  surface) and 
com m only  perfo ra ted  from  80 to 120 ft at the aqu ife r base. W ell y ields range  from  220 to 
5 ,600 gallons p e r m inu te , the  largest o f  w h ich  are ob tained  from  sites ad jacen t to the 
C lark  Fork  R iver (F igu re  6).
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M ethods
Sites fo r geochem ical sam pling  and w a ter level m on ito ring  w ere  selected  
th roughou t the  M issou la  va lley  b ased  on  location , accessib ility , and  prev ious 
investigations and hydrogeo log ica l in terp retation  [Clark, 1986; W oessner, 1988; M iller, 
\9 9 \  \ A rm strong , 1991; L aF ave, 2002]. Spatial varia tion  w as requ ired  to allow  flow  path  
de te rm ina tion  th roughou t the  valley. A  varie ty  o f  w ell types (p roduction  w ells, 2, 4  and 
6 -in  m on ito ring  w ells) and  designs w ere  used  to  access the groundw ater. Surface w ater 
sam ples w ere co llec ted  to  represen t the  qua lity  o f  various riv er reaches. E xisting  
m on ito ring  w ells w ere  m ade  availab le  for th e  study b y  M oun ta in  W ater C om pany  and the 
M issou la  W ater Q uality  D istrict. T his included  access to  a ne tw ork  o f  tw o-inch  
m on ito ring  w ells be tw een  the  C lark  Fork  and  a  m ajo r M ounta in  W ater C om pany 
p roduction  w ell n ear the  M adison  S treet B ridge. In  A pril, 2004, tw o w ells w ere d rilled  in 
H ellgate  canyon. A  shallow  w ell w as drilled  to  51 ft and a deep  w ell w as fin ished at 172 
ft a fter d rilling  to  bed rock  at 247 ft. In O ctober tw o  additional m onito ring  w ells w ere 
insta lled  w ith in  65 ft o f  the  river; one w as drilled  to 50 feet on  the north  bank  and the  
o ther to 70 ft on  the south  side (F igure 2).
W ater chem istry  w as m onito red  a t 22  sites including  4  production  w ells, 15 
m on ito ring  w ells, 3 surface w ater locations, and  one  stream bed peizom eter. Sam ples 
w ere  co llected  w eek ly  from  M ay, 2004 to  A ugust, 2004. F rom  A ugust to O ctober each  
site w as sam pled  b iw eekly , and fi'om O ctober to  February , 2005 each  site  w as sam pled  
o n  a  m on th ly  basis. F rom  F ebruary  to  June  sam ples w ere collected  three tim es a m onth. 
T he  varia tions in  sam pling  frequency  corre la te  to  the  d ischarge  o f  the  C lark  Fork  and
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w a te r ch em istry  changes an tic ipa ted  du ring  sp ring  runoff. In add ition  to  sam p ling  for 
geochem istry , w a te r leve ls  w ere  m on ito red  at 35 sites, 3 p roduction  w ells , 28 m on ito ring  
w ells  and  4 su rface  w a te r sites as p a rt o f  a  co m pan ion  investiga tion  o f  w ell cap tu re  zones 
[Tallm an, 2005].
F igu re  7 is a  concep tua l m odel o f  the  p o ss ib le  sources o f  recharge  to th e  M issou la  
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Figure 7. 3-D conceptual model o f  the sources o f  recharge to the M issoula Aquifer. Source 1 is 
underflow from Hellgate Canyon. Source 2 is water from Rattlesnake Creek, including both 
surface water and underflow from the drainage. (Note that there is a split in the water from 
Rattlesnake Creek, some o f  the water may cross under the Clark Fork and be captured by the 
production well(s) on the south side o f  the river, while a large portion o f the flow stays on the 
north side o f the Clark Fork.) Source 3 is leakage from the Clark Fork River. There is also a 
possibility that some water is recharged from the Tertiary sediments underlying the Missoula 
Aquifer (4). Precipitation (5) and recharge from storm drains (6) contribute only a small amount 
o f water to the aquifer.
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Field M ethods
F ield  geochem ical param eters (pH , tem pera tu re  and electric  conductiv ity ) w ere 
m easu red  du ring  th e  co llec tion  o f  each sam ple (see A ppendix  2 fo r p ictu res o f  sam pling  
p rocedures). M on ito ring  w ells w ere  pum ped  (using  a G rundflos pum p) un til th ree  b o re ­
ho le  vo lum es had  b een  rem oved . A  new  d isposab le  po lyethy lene  b a ile r w as th en  used  to 
co llec t enough  w a te r to  rin se  the bo ttle  and ob tain  a  sam ple. P roduction  w ells w ere 
sam pled  from  a  sp igo t befo re  any  chem ical treatm ent. T he C lark  Fork  R iver and 
R attlesnake C reek  w ere  sam pled  in  the  stream  channel at a  range o f  dep ths to ob tain  a 
rep resen ta tive  sam ple. T he  riv er sam ple  collected on  January  19^ w as taken  from  a ho le  
in  the  ice. T w o d ifferen t sam pling  m ethods w ere  used  to  access the w ater ju s t  be low  the 
river bo ttom . F irst, a  p las tic  PV C  tube w as installed  as a p iezom eter and  a perista ltic  
pum p w as used  to  ob ta in  a sam ple. W hen  that p iezom eter w as flooded w ith  h igher spring  
flow s, a  suction  ly sim eter w as installed  in  the  channel sedim ent. T he lysim eter had  a  long  
p iece  o f  tub ing  tha t rem ained  above the w ater surface and  w as pum ped  to ob tain  a w ater 
sam ple. D ue to river cond itions, th is saturated  zone w as only  sam pled seven  tim es during  
the  course  o f  the  study. D uring  each round  o f  sam pling  field duplicates and b lanks w ere 
collected  fo r qua lity  assurance  and  qua lity  control.
A ll sam ples w ere  co llec ted  using  u ltra  clean techniques [M ickey, 1998; E B L  
Sam pling  M eth o d  #2]. T h is p rocess invo lved  using  u ltra  c leaned  120 m L  N algene  bo ttles 
that w ere  doub le-bagged  and handled  by one set o f  “clean  hands” and one set o f  “dirty  
hands.” “D irty  h an d s” on ly  touched  the ex ternal bag, w hile “clean  hands” only  touched  
the  in ternal b ag  and sam ple  bottles. E ach b o ttle  w as rinsed  w ith  sam ple w ater three tim es
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befo re  th e  actual sam pling. Surface w ater sam ples w ere  co llec ted  underw ater, and 
sam ples from  w ells w ere filled  to overflow ing  and capped  so that there  w as m in im al head  
space. “C lean  hands” p laced  the sam ple in  an  ind iv idual z ip -lock  bag  w hich  w as then  
p laced  in  an open  external bag. “D irty  h ands” sealed  the  ex ternal bag. A dditional sam ples 
for an ions w ere  collected  in  non-acid  w ashed  bottles. T hese  sam ples w ere  co llected  after 
the  u ltra  c lean  sam ples because  detection  levels fo r an ions are  m uch  h ig h er and the  sam e 
p recau tions do no t need  to  b e  taken. A ll sam ples w ere stored  on  ice  and transported  to the  
analy tical lab w ith in  seven hours o f  sam ple  collection.
Lab Methods
Sam ples w ere filtered  in  lab  as soon  as possib le  (and  no  longer then  48 hours after 
sam pling) using  u ltra  c lean  syringes and <0.45 p m  syringe filters (F igure  8) [Tallm an  
E B L  S O P  2004_06_21'\. A ll filtering  took  p lace  in a  hood  [EBL M cK innon  a n d N a g o rsk i, 
2000]. N ew  u ltra  c lean  30 m L  bo ttles w ere  rin sed  and filled, then  acid ified  w ith  2%  
O m niJrcfce®  h igh  pu rity  HNO3 for p reservation . A nion  sam ples w ere  filtered  a fte r the  
respec tive  u ltra  c lean  sam ples, u sing  the sam e filter bu t first rinsing  the  syringe w ith  the  
anion  sam ple. Iso tope sam ples w ere  no t filtered; instead  a 30 m L  bo ttle  w as filled  to  an 




F igure  8. U ltra-c lean  filte ring  in the  hood. F iltering  w ith  < 0 .45gg  filters and  acid  w ashed  
syringes.
Iso topes w ere  analyzed  at T he  U n iversity  o f  A laska  at F a irbanks at the A laska  
S tab le  Iso tope F ac ility ’s W ater &  E nv ironm en ta l R esearch  C en ter (W E R C ). S table 
iso tope  da ta  w as ob ta ined  using  con tinuous-flow  iso tope  ratio  m ass spectrom etry  
(C F IR M S ). Instrum entation  w as a D elta+ X L  w ith  a T herm o F inn igan  T C /E A . Iso topes 
are exp ressed  as a ra tio  o f  the  h eav y  to  ligh t iso topes com pared  to a standard . T yp ically , 
in strum en t p rec ision  is <0.4  %o fo r O xygen  and <3.0%o fo r H ydrogen. T he fo llow ing  
fo rm ula  is used to de te rm ine  6*^0 v a lues and  da ta  is repo rted  as parts per thousand  (per 




T he  sam e fo rm ula  is app lied  to and is com m only  reported  as ÔD for deuterium . C raig  
[1961] c reated  a  G lobal M eteoric  W ater L ine (G M W L ) by p lo tting  vs ôD for 
sam ples taken  around  the  w orld . T he  equation  for h is  line is:
ÔD = 8 Ô*®0 +  10
T his equation  has been  rev ised  {K endall a n d  C oplen, 2001] to:
0D  =  8.11 0 * ^ 0 +  8.99
Local M eteoric  W ater L ines (L M W L ) v a ry  from  p lace  to  p lace. T he M ontana L M W L  
show s a  g rea t deal o f  evaporation  and has a  ve ry  heterogenic  cluster around the  line:
ÔD =  5.0 5*^0 -  46.5 [K endall a n d  C oplen, 2001]
P lo tting  da ta  versus a L M W L  w ill show  i f  sam ples have  b een  sub jected  to evaporation, 
o r i f  the iso topes a re  consisten t w ith  local precipitation.
A ll o ther analyses w ere  perfo rm ed  at T he U niversity  o f  M ontana. T he u ltra  clean 
sam ples w ere  analyzed  fo r e lem ents (A s, C a, Cd, Co, Cr, Cu, Fe, K, M g, M n, N a, Pb, and 
Zn) on  the  P erk in -E lm er Sciex  E L A N  D R C II IC P/M S in terfaced  w ith  a P erk in -E lm er 
Series 200 H PL C  using  E B L  E P A 6020m od m ethod  IC P-M S analysis fo r m etals. A nions 
(F, Cl, N O 3, N O 2 and  SO4) w ere  determ ined  on  a D ionex D X  400  Ion C hrom atography  




F ie ld  duplicates and b lanks, a long  w ith  lab  splits w ere  u sed  w ith  in ternal and 
external standards to ensure  p rec ision  and accuracy. F rom  th e  field  duplicates and lab 
sp lits a confidence  level o f  over 95%  w as calcu lated  fo r each  resu lt from  M S, IC and 
Iso tope analyses b y  adding  tw o standard  dev ia tions to  the  average calcu lated  error. See 
A ppend ix  3 fo r de ta iled  Q A /Q C .
Results
Stab le  iso topes from  surface w ater and g roundw ater w ere  used  to  determ ine  th e  am ount 
o f  recharge  to  the  M issou la  V alley  A qu ifer from  poten tial recharge sources. T hese  
conservative  tracers are som ew hat useful in  th is system , bu t erro r and a  lack  o f  d istinct 
recharge  sources lim its the  u se  o f  the  iso top ic  data. C onservative  chem istry  and  arsenic 
data  also p rov ide  ev idence fo r the com plex ity  o f  the  in teraction  betw een  surface w ater 
and  groundw ater. R efer to  F igure  2 for all sam ple locations. R aw  data fo r all sam ple  sites 
m ay  b e  found  in  A ppend ix  4.
Isotopes
T he 0^®0 and  ÔD d a ta  fo r the  study is scattered around  the Local M eteoric  W ater 
L ine (L M W L ) de te rm ined  b y  K endall and  C oplen  [2001] (F igure 9). In terestingly , 
g roundw ater va lues are qu ite  sim ilar to surface w ater values, and w hen accoun ting  for 
error the  d ifferences are  ha rd ly  d istinguishab le. T he data  show  sim ilar tem poral 
re la tionsh ips am ong  shallow  and deep g roundw ater and surface w ater. E rro r bars obscure
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the  d a ta  (F igu re  10), b u t b ecau se  th e  da ta  fo llow s the  sam e trend, e rro r b a rs  in the  
fo llo w in g  figu res w ill b e  om itted  fo r clarity . E ach  da ta  po in t has an  e rro r o f  +/- 
app rox im ate ly  l%o. S hallow  and  deep  g roundw ate r genera lly  fo llow s the  r iv e r’s iso top ic  
signal o v e r tim e  (F igu res 11 and  12). T he  iso topes for the  no rth  s ide  o f  the  C lark  Fork  
R iv er share  s im ila rities  w ith  b o th  the  C lark  F o rk  R iver and  R attlesnake  signa tu res (F igu re  
13.) W ith  the  g iven  sam p ling  fi*equency, even  d ista l w ells appear to p eak  at the  sam e tim e 
as th e  river. B y  in tro d u c in g  a lag  effect in to  the  da ta  during  the  tim e w hen  w eek ly  
sam ples w ere  co llec ted  and  co rre la ting  g roundw ate r 6^*0 to  river 0 *̂0 , it becom es c lear 
th a t w ells  farther firom th e  r iv e r  do  experience  som e tim e lag  (F igure  14).
All Sites vs MWL's
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F igure  9. Iso tope  d a ta  fo r all sam p le  sites over the  course  o f  the  study. M ost o f  the  data  
are  scattered  around  M o n ta n a ’s M eteo ric  W ater L ine, a lthough  sam ples co llec ted  in  June  
(labe led ) are ou tliers. T h e  line  fit to  the  C lark  F o rk  R iv er (H G R ) sam ples is  as estim ation  
o f  the  reg ress ion  fo r the  en tire  d a ta  set.
20
Deep w ells - O Over Study
-15
-15 5 ■
-16 - ! L
-16 5
-17O





S I a I a I gI I g I g1 I
Sam ple Date
Figure 10. It is hard to distinguish individual points on the time-series due to error bars.
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Figure 11. Changes in isotopic signal of the Clark Fork River (HGR) and deep groundwater in 
production and monitoring wells. In general, the river is isotopically lighter than the groundwater, 
but all water types follow the same general trend. During periods o f frequent sampling (spring 
and summer) a lag between the surface water and groundwater signals is noticeable.
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Figure 12. Changes in isotopic signal of the Clark Fork River (HGR) and shallow groundwater. 
The groundwater signal follows the surface water closely, although groundwater isotopes are 
slightly heavier than surface water isotopes. The seemingly out o f place peaks (RON and DH2) 
on January 18 correspond to a Rattlesnake Creek peak in (Figure 13).
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Figure 13. Changes in isotopic signal of the Clark Fork River (HGR), Rattlesnake Creek (RSS) 
and groundwater on the north side of the Clark Fork River. The large peak in the Rattlesnake 
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Figure 14. N ote that each vertical colum n represents one site and correlations are given 
for each o f  the lag periods. Each lag represents approxim ately seven days, w hich was the 
frequency o f  sam pling for these wells during the spring and sum m er o f  2004. In each 
colum n, the sym bol that is closest to a correlation o f  1 is the best fit. For exam ple, HGD 
and M M 2 fit best w ith no lag, but RON, BLS, BLD and the production wells all fit better 
w ith a lag o f  seven days. A  lag o f  14 days also produces a good fit for P26. Introducing a 
lag in the isotope data m akes for better correlation in wells farther dow n the fiow- 
gradient or deeper in  the aquifer.
Introducing lags to the isotope data creates a better correlation betw een the river 
and distal groundw ater (Figures 15 and 16). A lso, the deep groundwater near the river fits 
better w ith a lag o f  seven days (Figures 17 and 18). Correlating the groundwater isotopes 
w ith the river isotopes suggests that surface w ater accounts for 55% to 99%  o f  the 
variability observed in the isotopic signal o f  the groundwater. The am ount o f  variability 
accounted for by  surface w ater trends are show by  values in the figures below. These 
correlations are only  for a short period o f  tim e and incorporate a fairly large am ount o f  
error, so should not be  interpreted as recharge am ounts.
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Figure 15. A lag o f  seven days m akes for a better correlation betw een the surface w ater 
and groundw ater at BLS. for the correlation w ith the lag is 0.99, and w ithout a lag is 
0.71.
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Figure 16. A lthough there are lim ited data points, the correlation betw een surface w ater 
and groundw ater is better w ith a lag o f  seven days at BLD.
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Figure 17. Deep groundw ater near the C lark Fork R iver correlates better to the surface 
w ater w ith a lag o f  seven days.
24
P26
L ao  “  7 d a y s
-15.5
p  -16 .5 "  
O  - 1 7 -
-17.5 -
-18







-18 .6 - 
O -16.8 -






-19 -18.5 -18 -17.5 -17 -16.5 -16
R iver '*0
Figure 18. D istal and deep groundw ater correlates to the surface w ater better w ith a lag o f  
seven days. W ith no lag the correlation is 0.25, w ith a lag o f  seven days is 0.88, 
and w ith a lag o f  fourteen days (not shown) R^ is 0.67. The sam pling frequency lim its 
m ore precise narrow ing o f  the lag window.
A nother possible m ethod to determ ine how  m uch recharge is from  the surface 
w ater versus underflow  from  H ellgate Canyon is to com pare groundw ater isotope values 
in the valley to HGD, w hich is the deep well in  Hellgate Canyon and represents 
underflow. G roundw ater that is close to the Clark Fork R iver (M M 2) correlates better 
w ith the surface water, w hile deeper groundw ater and m ore distal groundw ater correlate 
better w ith underflow  (Figure 19). A slight problem  w ith these com parisons is the 
sim ilarity betw een the isotopic signal o f  the Clark Fork River and that o f  the underflow  
through H ellgate Canyon (Figure 20). This sim ilarity makes it hard to quantify the 
relative contributions o f  recharge from  the Clark Fork R iver and from underflow  with 
any precision, possibly because underflow  originates as C lark Fork R iver w ater upstream .
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Figure 19- Correlations of groundwater to surface water (River O) and to underflow from 
Hellgate Canyon (HGD *^0). A. MM2 near the river correlates to the river slightly better than to 
underflow. B. RON also shows a better correlation to the Clark Fork River than to underflow. C. 
BLS, which is father from the river than RON, shows a slightly better correlation to underflow 
than to surface water. D. P32, despite its proximity to the river, has a better correlation to 
underflow than to the river. E. P26, which is the most distal groundwater from the river, shows a 
much better correlation to underflow than to surface water.
26





-19 -18.5 18 17.5 17 -16.5 -16 -15.5
River "o
♦ CFR vs Underflow •Linear (CFR vs Underflow)
Figure 20. T he isotopic com position o f  the underflow  from Hellgate Canyon is very 
sim ilar to that o f  the C lark Fork River.
A lthough stable isotopes are recognized as conservative tracers, there is no 
correlation betw een surface w ater isotopes and conservative chem ical elem ents (Figure 
21). This m akes it harder to use isotopes in conjunction w ith conservative chem istry to 
create a m ixing m odel. U ltim ately, the lack o f  m ultiple distinct signatures m akes it 
d ifficult to identify isotopic end m em bers in this system.
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Figure 21. Correlation betw een N a and both and 5D in the Clark Fork.
General Chemistry
All values are for dissolved ions, either in ]xg/L or mg/L. The concentration o f  
conservative elem ents (Ca, Na, K, M g and Cl) in the Clark Fork R iver is driven by  
dilution. T he sam e concentrations w ere found in both our sam pling sites on the Clark 
Fork, reinforcing their conservative behavior in the Clark Fork River (Figure 22 a). 
P lotting each ion and discharge over tim e gives a sim ilar correlation as shown by Ca 
(Figure 22 b). D uring higher flows ion concentrations w ere lower, and during baseflow  
concentrations were higher for all conservative ions. This pattern was slightly disrupted 
by  the draw dow n event that took place at M illtown Dam from July 19 through A ugust 13. 
Com paring upstream  values at Turah to values obtained below  the dam  it is apparent that 
dow nstream  calcium  values decreased during draw dow n while concentrations at Turah 
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Figure 22. A: calcium  concentrations at the upstream  (HGR) and downstream  (CFR) 
sites. B: calcium  concentration and discharge over time. Limited Turah Bridge (above 
M illtow n Dam , USGS data) values are given for comparison.
Conservative chem ical ions all shared sim ilar tem poral and spatial trends. All 
groundw ater chem istry w as sim ilar am ong w ells throughout the study period, regardless 
o f  depth or distance from the river (w ith the exception o f  two shallow wells located near 
the river) (Figure 23 for Ca). Sim ilar trends are found for Na, Mg, K  and Cl. N ote that 
w hile groundw ater chem istry rem ains constant (w ithin a few parts per m illion), the river 
chem istry is sim ilar to groundw ater chem istry only during baseflow  (from A ugust to 
February). The only w ells that show sim ilar trends to the river are shallow m onitoring
29
wells, HGS in Hellgate Canyon and MM 2 in the M adison area. The other shallow 
m onitoring wells near the river show an increase in Ca concentration during the spring 
and sum m er, coinciding w ith a higher water table (Figure 24). W ells on the north side 
also have m ore constant chemistry, but m ost concentrations fall below , rather than above 
surface w ater concentrations.
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Figure 23. Ca over tim e in  both the deep (top) and shallow (bottom ) wells. Deep 
groundw ater (over 80 ft below  land surface) concentrations o f  Ca generally fall betw een 40 
and 50 m g/L. Shallow groundw ater (less than 60 ft below  land surface) has a w ider range 
o f  concentrations, with higher concentrations occurring during the spring and summer, and 
concentrations sim ilar to the river during the w inter m onths. M M 2 (light blue) and D H l 
(red) have sim ilar chem istry to surface water.
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Figure 24. W ater table elevations observed at M M 2 (a shallow  m onitoring well 200 ft from the 
river). T he highest elevations are during M ay and June.
W hile the concentrations o f  conservative elem ents in the shallow groundw ater 
change over tim e, the ratios o f  these elem ents do not. Similarly, the ratios o f  Ca, Na, M g 
and K  in deep groundw ater stay constant during the study. The only change in these 
ratios was during June, 2004, w hen ratios in the Clark Fork River dropped. This decrease 
w as also observed in groundw ater near the river, regardless o f  depth. The decrease is 


















Figure 25. Ratios o f conservative elements in the Clark Fork River (HGR) and in groundwater. A.
Ca:Mg and Ca:K in the Clark Fork River. Note the decrease in both ratios in June, 2004. B. HGS 
mirrors the ratios o f HGR. C. MM2 also had decreases in the ratios in June, 2004. D. P32 has the 
same ratio trend as the river. E. Groundwater at RON saw a delay in the decreased ratios. F. BLS 
saw a decrease in the ratio o f Ca:K, but the timing is delayed from when the decrease occurred in 
the river, and no notable decrease is observed in the ratio o f Ca:Mg. G. P26 only had a slight 
delayed decrease in Ca:K.
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Exam ining the ratio o f  two conservative elem ents throughout the study area 
reveals that direct river leakage is not the only source o f  recharge to the M issoula Valley. 
E xam ining the ratio N a:Cl for all locations in the study area dem onstrates the 
conservative nature o f  these two ions in the surface water, and reveals that groundwater is 
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Figure 26. Ratios o f  N a:C l for the study area. N ote that w hile surface w ater values show a 
linear trend (H G R and RSS), all groundw ater values are scattered. HGD, w hich 
represents underflow  from H ellgate Canyon, is centered in  the scattered array o f  
groundw ater values.
These trends and sim ilarities betw een the chem istry data and stable isotope data 
m ake it very  hard to define end m em bers for a geochem ical m ixing model.
O ther results o f  interest are that during the course o f  the study m easurable values 
o f  m anganese (Table 1), cadm ium  and chrom ium  were detected infrequently (for all 
values see A ppendix 6). These trace concentrations could be from metal contam ination
34
due to instrum entation suspended in a well, from the m etal casing in the wells 
them selves, or from the groundwater. Field blanks and other wells sampled on the same 
days all contained concentrations below  the laboratory quantifiable lim it and other wells 
w ith the same type o f  suspended water level m onitoring instruments contained no 
detections in the same sam pling period, suggesting that sam pling and laboratory error 
were not the cause o f  m etal contamination.
Table 1. W ells and dates o f  M n detection (pg/L). W ells are either metal, have metal
D a t e W Q M D H 2 B L S W M 2 G R G W P S H G D H G P R O N
























The surface w ater and groundwater chem istry on the north side o f  the Clark Fork 
is different than the water quality on the south side o f  the river. O f special note is 
groundw ater in the Gregory Park area, where the concentrations o f  all conservative 
elem ents w ere m uch lower than groundwater sampled south o f  the river. The lowest
35
concentrations o f  constituents was observed on the north side were in Rattlesnake Creek 
(RSS), these values w ere usually  0.5 to 4 m g/L  low er than Gregory Park (GRG) values.
Arsenic
Spatial and Temporal Trends. All concentrations given are for dissolved arsenic, in 
parts per billion (pg/L). As previously stated, arsenic is a dynam ic element. Accordingly, 
the behavior o f  arsenic in surface w ater is quite different than in groundwater. V ariability 
o f  arsenic in the river is less than 5%, and is fairly conservative betw een the upstream  
and downstream  sam pling locations (Figure 27). However, arsenic does not behave 
conservatively in the groundwater. In general, groundwater arsenic concentrations 
decrease w ith distance from  the river, and arsenic concentrations on the north side o f  the 
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Figure 27. Dissolved arsenic concentrations for upstream (HGR) and downstream (CFR) 
locations. A rain event on September 19^ may have caused some dilution in the downstream site 
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Figure 28. The results from  one day  o f  sam pling show ing the general trend o f  dissolved 
arsenic concentrations in groundwater. Concentrations decrease with distance from the 
river. Error bars are encom passed by  the size o f  the symbol.
Exam ining the arsenic concentrations o f  several wells along the groundwater 
flow path also shows a sim ilar trend (Figure 29). The two wells closest to the river (DH2 
and M M 2) show sim ilar concentrations for the w inter m onths, but vary in the spring 
though the w ells are only 160 ft apart. The other three wells (RON, BLS and P26) are 
roughly 0.4, 0.75 and 2 m iles dow n groundw ater gradient from the river, respectively. As 
the distance from the river increases, the arsenic concentrations generally decrease.
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Figure 29. A rsenic concentrations at five w ells along the groundw ater flowpath fi*om the 
river to the southwest. In general, concentrations decrease along this flowline.
Locally, the m igration o f  arsenic is m ore com plex. For exam ple, the trends o f  
arsenic concentrations for three m onitoring wells near the river (Figure 30) are quite 
different, despite all o f  the wells being finished at the sam e depth and only varying in 
distance from  the river by  100 ft. In the spring o f  2004, all three o f  the wells (M M 2,
M M 4 and M M 5) had higher concentrations o f  arsenic than the river. The water table was 
at the highest point during this period as well. Follow ing the drawdown event at M illtow n 
reservoir (July 19 through A ugust 13, 2004), the river continued to have elevated arsenic 
concentrations while the shallow  groundw ater concentrations w ere briefly elevated and 
then declined and rem ained low through the fall and winter. In the spring o f  2005, 
coinciding w ith the rising w ater table, arsenic concentrations began to rise in M M 2 and 
M M 5 (due to construction around the production well access to M M 4 was limited).
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Unlike the previous spring, river concentrations stayed elevated above groundwater 
concentrations with the exception o f  two points. The best example o f  a direct link 
between surface water arsenic and these shallow m onitoring wells was observed during 
the drawdown event (Figure 31). The level o f  M illtown reservoir was lowered by  eight ft 
over the course o f  18 days and rem ained at the low stand for just over two weeks. Due to 
the frequent sam pling intervals during the drawdown, an almost immediate increase in 
groundwater arsenic concentrations was observed corresponding to an increase in the 
river arsenic concentration. The values above the reservoir, at Turah Bridge, do not m atch 
the level o f  arsenic observed below  the dam  (Figure 32). During the drawdown event, 
arsenic concentrations upstream  were declining, while below the dam arsenic increased 
by  roughly two parts per billion. This graph also compares how arsenic behaves in the 
shallow groundwater in Hellgate Canyon and in the M adison area. Apart from the earlier 
rain event, the shallow groundwater in the M adison area has slightly higher values o f 
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Figure 30. A rsenic concentrations over the course o f  the study for three m onitoring wells 
near the river. A ll w ells have the sam e construction and M M 2, M M 4 and M M 5 are 200, 
300 and 260 feet from the river, respectively. The water level was taken in M M 2, but 
differences betw een these w ells are negligible (Tallm an, 2005).
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Figure 31. A rsenic concentrations in the river, shallow  and deep groundwater during the 
draw dow n event at M illtow n reservoir. Sam ples were taken every three days. Arsenic 



























<  S '
l i
Sample Date
Shallow  D o w n stre a m  (MM2) 
C la rk  F o rk  R iv er
S hallow  U p s tre a m  (H G S) 
T u ra h  (C lark  F o rk  R iver)
P ro d u c tio n  W ell (P 3 4 )
•W a te r  T a b le  in M ad iso n  A rea
Figure 32. A rsenic values for Turah Bridge, the C lark Fork River, shallow groundwater 
in H ellgate Canyon and in  the M adison area, and for a production well. Historically, 
Turah Bridge has had higher arsenic values than the Clark Fork R iver above M issoula 
(see A ppendix 7). D uring the draw dow n (light b lue box) arsenic values at Turah declined 
but arsenic in the C lark Fork increased by about 2 pg/L. Rain events only appear to result 
in the dilution o f  the river and the shallow groundw ater near the river.
D uring the rest o f  the study, changes in arsenic concentration for the production 
w ells near the river are m uch m ore m uted. A rsenic concentrations for three production 
w ells near the river and one two m iles to the southwest o f  the river (along the 
groundw ater flowpath) do not vary m ore than a few o f  parts per billion over the course o f  
the study (Figure 33). A part from  the direct response noted during the M illtown 
draw down, deep groundw ater arsenic concentrations do not appear to reflect changes in 
Clark Fork R iver arsenic concentrations (Figure 34). It is interesting to note that the well 
w ith the highest concentrations o f  arsenic (P32) is not the closest well to the river. The 
M aurice Street well (P34) is roughly 160 feet closer to the river than the Arthur Street 
well (P32) (Figure 2), yet the A rthur street well has consistently h igher arsenic values.
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The A rthur Street well pum ps year-round, w hile the M aurice Street well is an on demand 
w ell during peak sum m er supply. T he production well w ith the lowest values (with the 
exception o f  two high values in the spring o f  2005) is the Bank Street well (P30), which 
is the closest well to the river on the north side (230 ft). Values for the Bank Street well 
are usually ju st below  those o f  the Benton Street well (P26), which lies in the southwest 
com er o f  the study area, two m iles firom the river.
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Figure 33. A rsenic concentrations over the course o f  the study for all four production 
wells. These w ells show little fluctuation in arsenic concentration. The two wells on the 
south side o f  the river (P34 and P32) have the highest values, followed by  the well w hich 
is roughly 2 m iles from the river (P26). The well w ith the lowest concentrations is only 
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Figure 34. Relationship betw een river arsenic concentration and production well arsenic 
concentration. There are no linear correlations betw een the river and any o f  the 
production wells. Instead, each well has a range o f  values that do not appear to change 
w ith or directly correlate to arsenic concentrations in the river.
A  pair o f  nested w ells in H ellgate canyon illustrates the difference betw een 
shallow and deep groundw ater at a single location (Figure 35). The shallow well (HGS) 
has slightly higher arsenic concentrations, but both wells tend to follow the same general 
trend as the river. The largest difference betw een the surface and groundwater arsenic 
values occurs from  the end o f  June through the winter. The groundwater arsenic values in 
the spring o f  2004 w ere m uch closer to river concentrations than in 2005.
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Figure 35. A  pair o f  nested wells in H ellgate Canyon. HGS is the shallow well, HGD is 
the deep well. B oth w ells have fairly constant arsenic concentrations, and follow the 
sam e trend as the river during the spring. From  the late fall through w inter there is a 
greater difference in concentrations betw een surface and groundwater.
G roundw ater arsenic concentrations are m uch low er on the north side o f  the Clark 
Fork R iver (Figure 28). W ith the exception o f  one well that is very close to the river and 
is finished right at the w ater table (D H l) all wells have concentrations at or below two 
parts per billion  (Figure 36). B oth Rattlesnake Creek and the groundw ater in  that 
drainage have very  sim ilar arsenic concentrations (less than 1 pg/L). W M 2 is a shallow 
well, and although it is 400 ft from  the river and P30 is only 230 ft from the river (Figure 
2), W M 2 has higher arsenic concentrations than the production well. The farthest well to 
the north  in  our study area is W PS (0.6 mi from  the river), and this well has arsenic 
concentrations below  0.4 pg/L.
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Figure 36. A rsenic concentrations for the Clark Fork, Rattlesnake Creek and wells on the 
north side o f  the C lark Fork. The well nearest to the Clark Fork (D H l) follows the river’s 
trend until the late spring o f  2005. Rattlesnake Creek and all other wells have consistently 
low arsenic values. E rror bars, w here not visible are encom passed by  symbols.
Arsenic and Conservative Elements. Com paring arsenic to Ca, Na, M g and K  in the 
C lark Fork shows that arsenic is also conservative in the surface w ater and that 
concentrations are controlled by  dilution. A rsenic correlates fairly well to any 
conservative elem ent in the surface water, but does not correlate to isotopic values 
(Figure 37). This reinforces the fact that although chem ical ions and isotopes are both 
conservative tracers, they  do not necessarily correlate w ith each other. Once arsenic 
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Figure 37. A. C orrelation betw een arsenic and sodium  in the Clark Fork River. The 
relationship suggests that arsenic behaves conservatively in the surface water, B. Lack o f  
correlation betw een arsenic and both  stable isotopes.
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Figure 38. There is a lack o f  correlation betw een arsenic and Na, or any other 
conservative ion, in  groundwater. values for the correlation o f  the sam e two elements 
in surface w ater is 0.37, but in groundw ater the correlation drops to only 0.06.
Arsenic in the saturated river bed of a losing reach of the Clark Fork River. Figure 
39 is a schem atic o f  the river and groundw ater system  w ith arsenic concentrations on one 
day  o f  sam pling for each o f  the four zones: surface water, the saturated zone beneath the 
river, shallow  and deep groundwater. This zone beneath the river does not fit the norm al 
definition o f  a hyporheic zone because there is no m ixing betw een surface water and 
groundw ater. Instead it is ju s t a thin saturated zone that w ater infiltrates through before 
unsaturated flow  begins. Tallm an [2005] determ ined that the thickness o f  the saturated 
zone w as about 5 ft at this site. Table 2 shows the relative concentrations o f  arsenic in 
th is zone com pared to the river and shallow  groundwater, and Figure 40 illustrates the
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range o f  concentrations com pared to  both surface w ater and shallow groundwater. During 
two o f  the seven sam pling periods the saturated zone had higher concentrations o f  arsenic 
than the river, and this zone had  higher arsenic concentrations than the shallow 
groundwater w ith only  one exception.
Depth
Samples taken on 7/19/2004
(Profile of As in th e  sa tu ra ted  zone, 





O' (surface w ater) 
0.98*
V a d o s e  5 - i 6 *  




Groundwater - 5 0 ’ 2.35
Deep
Groundwater - 1 0 0 - 1 5 0 '
2.02
* Not to  scale
Figure 39. Schem atic o f  the  sam pling profile. Depths are approxim ate and m ay change 
during different tim es o f  the year. N ote that on this day o f  sam pling the highest arsenic 
concentrations w ere found in the surface w ater and in the saturated zone.
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Table 2. A rsenic concentrations in  the C lark Fork and in the saturated zone
Sam ple D ate Surface W ater Saturated Zone Shallow Groundw ater
7/19/04 3.34 3.53 1.74
3/4/05 2.95 1.08 1.17
3/29/05 3.11 3.10 1.69
4/6/05 2.92 2.52 1.66
5/17/05 2.58 1.55 1.91
6/7/05 4.43 4.27 2.00
6/16/05 3.96 4.85 1.52
3 —
2 —
D isso lved  A rsenic  in S u rfa c e  W ater, 
S a tu ra te d  Z o n e  a n d  S hallow  G ro u n d  W a te r
n*33 n " 7 n*32
I I I
HGR HO L H G S
S a m p le  Location
Figure 40. R ange o f  arsenic values for surface w ater (HGR), the river bed saturated zone 
(HG L) and shallow  groundw ater (HGS), A rsenic concentrations are sim ilar betw een the 
river and saturated zone, w ith slightly h igher values occurring in the saturated zone. 
Shallow  groundw ater has low er arsenic concentrations than either the surface water or 
saturated zone.
Controls on Arsenic Mobility. The presence o f  dissolved M n in som e wells correlates 
w ith higher arsenic values. All but one sam pling round show ed the presence o f  M n in the 
surface water, but very few groundw ater sam ples contained detectable Mn. The presence 
o f  M n in  som e o f  these w ells m ay be attributed to m etal contam ination, or it m ay be
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naturally occurring. In three w ells, all o f  w hich are on the north side o f  the Clark Fork, 
the occurrence o f  m easurable m anganese correlated w ith higher arsenic concentrations 
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Figure 41. T he effect o f  dissolved m anganese on arsenic concentrations. These three 
wells show that h igher concentrations o f  dissolved M n generally agree with higher 
concentrations o f  dissolved arsenic.
Discussion
Contribution of surface water to groundwater
Caution should be  taken when interpreting the isotopic results because the total 
am ount o f  variation over the course o f  the study is generally w ithin error bars. M ore 
frequent sam pling m ight have resolved this problem . Individual data points do follow a 
sim ilar trend from  one sam pling period to the next. The fact that there is not a sigm ficant 
difference betw een the river signal and the groundw ater m akes it virtually im possible to 
create a m ixing m odel. T hese data suggest the groundw ater in the M issoula V alley 
A quifer is in tim ately connected to the C lark Fork River. The isotope data can be 
interpreted to show a lag  betw een peaks in the river signal and in  the signal o f  distal 
wells. W hile there are very  few data points, overlapping error bars, and it is unclear if
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results represent peaks o f  concentrations, the isotope data supports the general flow 
direction o f  groundw ater to the southw est through the valley (Figure 42). A study 
conducted in the Spokane V alley/R athdrum  Prairie A quifer in Idaho and W ashington, 
which has very sim ilar characteristics to the M issoula V alley Aquifer, found that 
groundwater closest to the river had sim ilar isotopic signals to the surface water, while 
distal wells m aintained an isotopic signal characteristic o f  regional groundwater 





































Figure 42. Estim ate o f  the lag tim e for an isotopic signal to travel through the M issoula 
valley. D ue to the lim ited num ber o f  wells along this flow line, and infrequent sampling, 
the w indow s are loosely constrained.
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G roundw ater velocities south o f  the river estimated from the sparse isotope data 
range from  750 to 5,000 ft/day. In comparison, computed groundwater velocities derived 
from  aquifer characterization data (Tallman, 2005; an estimated effective porosity o f  0.2, 
and hydraulic conductivity values o f  15,000 ft/day and 20,000 ft/day) yield velocities that 
range from  330 ft/day to 440 ft/day in this portion o f  the aquifer. Generally, values are in 
the same order o f  m agnitude supporting the identified rapid transport o f  groundwater in 
this portion o f  the aquifer.
A lthough a percentage o f  river water contribution to recharge can be grossly 
estim ated, the overlapping error bars associated with the isotope data m ake quantitative 
separation o f  the sources o f  aquifer recharge general estimates only. Based solely on the 
isotopic data, approxim ately 65% o f the variability in  the chemical signature o f  shallow 
groundwater near the river can be accounted for by the chem istry o f  the river water, and 
for distal or deeper groundwater river w ater appears to account for ~30% to ~55%  o f  the 
variability in the groundwater. It also appears as though underflow from Hellgate Canyon 
is influencing —25%  to —75% o f  the variability observed in distal and deeper 
groundwater.
The sim ilarity betw een the isotopic signal o f  the Clark Fork River and underflow 
from Hellgate Canyon is not surprising. Gestring [1994] studied the connection betw een 
the Clark Fork R iver and the Hellgate Valley Aquifer (HVA) betw een the M illtown 
Reservoir and the eastern boundary o f  this study area. His work suggested that over 50% 
o f  the recharge to this up-gradient portion o f  the M issoula aquifer is from leakage from 
the Blackfoot and Clark Fork Rivers, and seepage from the M illtown Reservoir.
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Additional, though lesser contributions to recharge come as groundwater underflow  from 
the Blackfoot/Bonner canyon and the up-gradient Clark Fork River valley alluvium. The 
C lark Fork River is reported to be a gaining flow in the reach just below the dam 
(approxim ately 600fl [Gestring, 1994]). Beyond that point, the river is reported to begin 
losing w ater to the aquifer as the w ater table becom es lower than the river stage. 
Generally, groundw ater in the M illtown area is composed o f  Blackfoot R iver and Clark 
Fork R iver leakage and recharge from the M illtow n reservoir. Thus, sim ilarities in the 
w ater quality o f  underflow  entering and flowing through Hellgate Canyon, and the 
general Clark Fork R iver chem istry are expected.
The use o f  conservative chemical elements to determine recharge percentages was 
also generally unsuccessful as all o f  the trends for conservative elements show that the 
river w ater is sim ilar to the groundwater during baseflow periods. The shallow 
groundwater is also geochem ically stable during the winter, and is m ost different from 
river w ater in the spring. In addition, the deep groundwater chem istry rem ains fairly 
stable in com position and concentrations o f  components. These observed trends suggest 
that a physical process, rather than a chemical one is influencing the concentrations o f 
ions present in the shallow groundwater. It was recorded that higher concentrations o f  
constituents in the groundwater correlate to tim es o f  a rising w ater table as well as 
increased river leakage. Based on this information, the observed increase in 
concentrations o f  ions in the shallow groundwater m ay be the result o f  the dissolution o f  
vadose zone stored components. The stability o f  the ratios o f  the m ajor ions (Figure 25) 
suggests the conceptual m odel that processes controlling chemical changes are dom inated
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by  physical factors.
Several studies [Doerr^ 1992; Deocampo and Ashley, 1999; Schellpeper and  
Harvey, 1999; Rosenberg et.aL, 2001] have found com ponent storage and release 
occurring in vadose zones. W ogsland [1988] investigated the impact o f  storm  drain 
focused runoff on the geochem istry o f  the receiving groundwater in M issoula. She found 
an increase in the concentrations o f  cations as runoff water percolated through the vadose 
zone. During the spring and summer, she found that the vadose zone was a source o f 
m ajor cations and anions to the groundwater. She attributed these increases to the 
dissolution o f  feldspars and carbonates. Possibly a sim ilar process is occurring as water 
passes through the vadose zone beneath the river and as the water table rises into the 
vadose zone in the spring. Isotopic data also supports a conceptual model that includes 
evaporation and tem porary storage o f  constituents in the vadose zone. The surface water 
isotopic signal is som ewhat lighter than the groundwater signal suggesting that there is 
som e slight evaporation o f  the water before it gets to the groundwater
Distal and deeper groundwater does not reflect the same chemical changes as 
those observed in the shallow groundwater (Figure 43). Sim ilar variations in the 
geochem istry o f  the groundwater were described by  Caldwell and Bowers [2003] for the 
Spokane V alley Aquifer. The authors found that groundwater farther from the river had 
elevated and stable m ajor-ion concentrations and the groundwater closest to the Spokane 
R iver had sim ilar tem poral trends as the surface water.
53
MM2
V  W inter W ater Table
VADOSE
Oxidizing
Newly \  
Saturated j
# Na, Mg (dissolved
•  Ca,K (dissolved) 
A  E vaporated
Ions
MM2
V Spring W ater Table __
Figure 43. T he concentration o f  Ca, M g, N a and K  by evaporation in the vadose zone 
during the w inter (left). In the spring (right) the fluctuating w ater table dissolves and 
flushes out stored precipitates, thus increasing cation concentrations in the shallow 
m onitoring w ells near the river.
Arsenic Transport and Fate
C om paring arsenic concentrations to those o f  conservative chem ical ions in the 
C lark Fork R iver show s that arsenic behaves conservatively in the river. This is 
supported by  the sim ilar concentrations o f  arsenic m easured at the river m onitoring sites 
and the noted dilution affect o f  the low arsenic Rattlesnake discharge.
As arsenic infiltrates into the river bed the concentrations in the saturated zone 
are sim ilar to those in the river (Figure 40; Table 2). It appears, how ever, that by  the tim e 
the arsenic is transported to the shallow  groundw ater adjacent to the stream  it has 
undergone processes that have reduced the concentration (Table 2). However, it should 
be noted that an exception to this generalization are the arsenic concentrations observed 
at well D H 1 located w ithin 50 ft o f  the channel on the north side o f  the river (M adison
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area). This well dem onstrates the sim ilar concentrations o f  arsenic in both the shallow 
groundwater and the river (fall to spring). Concentrations in shallow wells located 
adjacent to the river track increases and decreases in river arsenic concentrations, though 
groundwater concentrations are typically lower (e.g. the M illtown drawdown event, 
Figure 31 ; fall to spring w ater quality trends).
There is also evidence that arsenic is not behaving totally conservatively as river 
and groundwater concentration do not seem to correlate during high surface water 
discharge and high water table periods observed in the late spring and early sum m er 
(Figure 40). It appears that either arsenic is being lost to the aquifer m atrix or vadose 
zone m atrix (tem porally stored), and later released by changes in infiltration rates or 
changes in the extent o f  the saturated zone that correspond to a changing w ater table 
position (Figure 30). Each o f  these processes m ay be altering the geochemical conditions 
and enhancing release o f  arsenic into the water column. Lucy [ 1996] observed the release 
o f  arsenic and m etals during a rising water table in Silver Bow Creek sediments, and it is 
generally accepted that arsenic is released in a reducing environment [e.g.M oore e t  al., 
1988; Nagorski and M oore, 1999; Nicholas e t  a l ,  2003 and others]. Figure 44 presents a 
conceptual m odel for the behavior o f  arsenic in the Clark Fork River and associated 
underlying groundwater system. Prelim inary arsenic spéciation data suggests that m ost o f  
this arsenic is arsenate, but a  very small am ount o f  arsenite was detected in one o f  the 
wells finished right at the water table (DH2) (Appendix 8).
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Figure 44. Conceptual m odel o f  the fate o f  As in the shallow groundw ater beneath the 
Clark Fork River. T he figure is not to scale. A rsenic is dissolved except where it is sorbed 
to M n-oxides. In the w inter (left) there is available As in the shallow  groundwater, in the 
form  o f  As(V). W hen there is a fluctuation in the w ater table, for exam ple in the spring 
(right) w hen the table rises, there is a zone that is saturated (and could be tem porarily 
reducing) and m ore A s is released to the shallow  groundwater.
T he lim ited change in arsenic concentrations o f  shallow  wells in Hellgate Canyon 
during the spring rise in the w ater table arsenic release m ay be related to the thinner 
vadose zone in H ellgate Canyon com pared w ith the unsaturated zone in the M adison area 
(5 ft thick in H ellgate Canyon versus 17 ft thick in the M adison area). Though it is 
unknow n how  river leakage rates im pact groundw ater arsenic concentrations it should be 
noted that the stream  leakage rates in H ellgate Canyon are roughly one-third the leakage 
in the M adison area [Tallman, 2005].
O ver the course o f  the study, there are several tim es w here deep groundw ater (for 
exam ple P32 in Figure 33) d irectly  follow s the observed trend in arsenic concentrations 
observed in  the study reach o f  the C lark Fork River. A t tim es w hen this occurs it appears 
as though the deep groundw ater arsenic concentration increases o r decreases by  about
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40%  o f  the concentration o f  arsenic observed in the river. However, during som e times, 
no direct connection betw een river concentrations variations and deep groundwater 
concentrations are observed. Possibly a clearer understanding o f  the processes controlling 
the chem istry o f  the deeper groundwater can be deciphered from a m ore complete and 
longer duration set o f  w ater quality data. Com paring the actual concentrations, rather than 
the percentage o f  increase or decrease, o f  arsenic in production well P32 and the river, it 
appears as though on average, the groundwater concentrations o f  arsenic are close to 70% 
o f  those found in the surface water. Shallow groundwater arsenic concentrations (from 
m onitoring well M M 2) average out to 92% o f  surface water arsenic concentrations. The 
fact that arsenic concentrations in groundwater are a significant percentage o f  the 
concentration found in the Clark Fork River has implications for the future.
The control on arsenic concentrations in the groundwater occurring north o f  the 
Clark Fork R iver in the M adison area appears to be associated with the recharging water 
o f  Rattlesnake Creek. The low est arsenic concentrations in groundwater observed in the 
study site occur on the north side o f  the Clark Fork R iver (with the single exception o f  
well D H l located w ithin 30 ft o f  the north bank o f  the Clark Fork River. The 
groundwater around Gregory Park never had concentrations above 0.5 pg/L, which is 
sim ilar to concentrations found in Rattlesnake Creek. Tallm an (2005) reported 
groundwater flow data that show (within the available well network) this low As recharge 
w ater stays m ostly  north o f  the Clark Fork river.
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F ina l T hough ts
The im plications o f  this research should be clear. The Clark Fork River is a direct 
and principal source o f  recharge to the M issoula aquifer as is the river influenced 
Hellgate Canyon underfow . Changes to the recharge chem istry will have impacts on 
shallow groundwater and production well w ater quality. I f  the chem istry o f  the river is 
altered by  a short term  event, and the constituent acts conservatively, river water will 
reach the shallow aquifer im m ediately underneath the river channel within hours to days. 
Production wells located nearest to the river channel generally receive a higher portion o f 
w ater from the shallow river water recharge. As observations o f  the evaluation o f  arsenic 
in the river w ater during the M illtown drawdown showed, arsenic concentrations in near 
river production wells were directly im pacted these variations. These observations 
suggest that i f  the dissolved arsenic concentration in the Clark Fork River ever became 
elevated to levels exceeding the 10 pg/L drinking water standard or near the allowable 24 
hour lim it during the M illtown Dam removal (340 pg/L), the concentration o f  near river 
groundw ater production wells m ay increase by  one to two thirds o f  the river 
concentration.
For those wells located further from the river channel the produced water would 
not show as great an im pact from  short duration degraded river recharge input. Produced 
water at these sites includes a larger portion o f  underflow from Hellgate Canyon. 
However, i f  river chem istry impacts are o f  a longer duration where recharging water 
upgradient o f  H ellgate Canyon alters the chem istry o f  the underflow in Hellgate Canyon, 
this condition com bined w ith longer term alteration o f  the shallow groundwater being
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directly recharged by  the river w ill degrade even the large production wells located 
lOOO’s o f  feet from  the river. I f  degradation o f  aquifer recheirge continued for months it is 
possible m ost o f  the M issoula aquifer south o f  the river would show some degree o f  
water quality impact. A s noted previously, wells located north o f  the river in the 
M adison area w ould likely not be im pacted by  either short o r long term  events related to 
water quality changes in the Clark Fork River. These wells would be degraded i f  the 
water quality o f  Rattlesnake Creek was degraded, however.
Conclusions and Recommendations
The results o f  this w ork need to be  viewed as part one o f  a two part evaluation o f 
the sources o f  w ater derived from water supply wells located in the eastern portion o f  the 
M issoula Valley. The w ork o f  Tallm an (2005) provided the physical basis for the work 
described here and her research developed a water balance for the identical study area 
described here as well as a num erical model used to track and quantify w ater sources to 
producing wells. Tallm an’s (2005) work directly supports the conclusions o f  this study.
The principle conclusions o f  this study are that:
1. Recharge sources to the M issoula Valley Aquifer are poorly defined by  a 
geochem ical m ixing model approach that uses either stable isotopes or conservative 
chem istry. The two prim ary sources o f  recharge the eastern portion o f  the aquifer are the 
Clark Fork R iver and underflow  from Hellgate Canyon. It has been demonstrated that 
these two sources are very well connected (Tallman, 2005; Gestring, 1994).
2. G roundw ater chemistry, especially shallow groundwater near the Clark Fork
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River, follows the sam e tem poral trends as the river for both isotopes and conservative 
components, suggesting that the river is well connected to shallow groundwater in the 
M adison area o f  M issoula.
3. Isotope data suggests rapid travel tim es for groundwater m oving through the 
study area.
4. D eeper groundw ater near the river and groundwater in m ore distal areas o f  the 
study area has m ore stable chem istry than the surface water or shallow groundwater near 
the river. It is sim ilar to the chem istry o f  the underflow  sampled in Hellgate Canyon.
5. Investigations o f  arsenic behavior and transport in this environm ent revealed 
that arsenic acts m ostly conservatively in both surface water and groundwater.
6. Increases in shallow groundwater arsenic during non spring periods generally 
correlated w ith increases in the arsenic in the river.
7. Arsenic is stored either in the vadose zone or the aquifer during certain times 
o f  the year and is released during other times. Changing conditions in the vadose zone, 
including a change in redox environment, are the m ost likely m echanism s that release 
arsenic, but there are undoubtedly m any processes that are occurring in this dynamic 
system.
8. Groundw ater arsenic concentrations were always lower on the north side o f  the 
Clark Fork River. The dom inate recharge source to the north side groundwater system  is 
Rattlesnake Creek.
9. Short term  changes in river chem istry are m ost likely to impact shallow 
groundw ater underneath and adjacent to the river and production wells located adjacent
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to the river.
10. Longer duration changes in the river chem istry are m ost likely to impact both 
the shallow groundwater and underflow in Hellgate Canyon. As a result, m ost 
production wells extracting water from the south side o f  the river portion o f  the M issoula 
aquifer will likely show water quality impacts.
In term s o f  future m anagem ent o f  the aquifer including the production o f  drinking 
water for the city and country residents, additional investigations o f  the processes 
controlling the transport and fate o f  potential aquifer contaminants including arsenic are 
required. Unfortunately, the short duration and level o f  support for this work allowed for 
the establishm ent o f  preliminary relationships that are insufficient to predict the 
potentially w ide range o f  variations in recharge supply and quality. Calibrated 
geochemical m odels that predict the behavior and transport a num ber o f  possible 
contaminants are needed. These m odels need to be process based so that the 
consequences o f  how  changes in river chemistry impact produced water quality can be 
reasonably forecast. Collecting more spéciation data for arsenic and other redox couples 
would be useful to define the processes controlling arsenic and metal transport, and 
storage in the vadose zone and in the shallow groundwater. These m odels should be 
based on the extensive literature base, and specific instrumentation, sampling, and 
m onitoring o f  conditions in the river, vadose zone and groundwater.
Specific tools such as stable isotopes should be evaluated further by sampling 
water during transitional periods, obtaining rain and snow isotope data, and by using 
analytical techniques to refine errors.
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Further analyses should take advantage o f  activities impacting groundwater and 
river w ater quality at the M illtown Reservoir site in preparation and during dam  removal, 
and during stream restoration. Data collection during flow and water quality 
perturbations o f  the Clark Fork River should provide a data set useful in calibrating 
predictive m odels. Study efforts should be coordinated with activities scheduled at the 
M illtown site.
Finally, a sentinel m onitoring program  should be developed and m aintained to 
document how changes in river chemistry and underflow impact produced water quality, 
especially during reservoir drawdown, dam  removal and stream restoration operations at 
the upstream  M illtown site. This work suggests that such a program  will require frequent 
water quality sam pling for anticipated constituents such as arsenic, both in the surface 
water and shallow groundwater. An action plan needs to be developed by  the water 
purveyor that m anages the risk o f  delivering impacted water to the M issoula residents.
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Appendix 1 — Arsenic in the United States
C oncentrations o f  arsenic in groundw ater vary greatly by  region but are typically in the 
pg/L  range [Cullen andR eim er, 1989; USGS, 2000] (Figure A l)  A rsenic can exist in 
several oxidation states: +5, +3, 0 and -3 [Nicholas et. al., 2003], although the m ost 
com m on are +5 (arsenate) and +3 (arsenite). Several studies [Gulens et. al., 1979; 
M anning and  Goldberg, 1997; O rem land and  Stolz, 2003 and others] have show n that 
arsenite is m ore m obile in certain environm ents and consequently m ore toxic than 
arsenate. A rsenic is a concern to hum an heath because it can be h ighly carcinogenic, 
particularly  w hen it is in the reduced form o f  A s (III) and when it is in drinking w ater 
[Ferguson and  Gavis, 1972; M ok et al., 1988; K orte and  Fernando, 1991].
A isenk co iK «itralions i
\j> EUSGS
Figure A l.  Extrapolated arsenic values for the U nited States (USGS, 2001)
M any sources can contribute to arsenic appearing in  groundw ater including m ining 
w astes, geotherm al sources, igneous and sedim entary rock and industrial or agricultural 
products [Welch, 2000; Orem land and  Stoltz, 2003].
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Appendix 2 — Sampling and Lab Procedures
A l. Pum ping set-up at the nested wells in Hellgate Canyon (HGD and HGS).
A2. M easuring pH, tem perature and conductivity at a well site. The red bucket was filled 
fi-om water in the pum p rather than from a bailer.
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A3. M easuring pH, tem perature and conductivity in the Clark Fork River.
A4. U ltra clean sam pling o f  one o f  M ountain W ater C o.’s production wells. Robyn (left) 
is “clean hands” and A m elia (right) is “dirty hands.”
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û
A 5. Am elia m onitoring the process o f  samples being analyzed on the IC.
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Appendix 3 -  QA/QC
Q u a l i t y  C o n t r o l  f o r  ICP-MS:
W ith only a few  discrepancies, the QA/QC for cations and m etals was as follows:
Q uantitation was based on a niinim um  3 point curve and correlation values were >0.998.
Isotopes for reporting were monitored and chosen based on their QC performance.
Calibration was checked every 10 analyses using a m id point standard (CCV) and an 
additional varied concentration standard from a separate source (fPC). All recoveries for 
these standards w ere with 10%.
Analytical blanks were m onitored for contamination and found to contain no elements o f  
interest above the detection limit.
Internal standard recoveries were monitored and used in calculating reported values.
M atrix spike recoveries were m onitored and reported for at least every twenty samples 
analyzed. All spike recoveries were within 75-125% o f  known values.
Duplicate analyses are reported for at least every twenty samples analyzed. All duplicate 
recoveries are w ithin 75-125%  relative concentration.
Q u a l i t y  C o n t r o l  f o r  IC:
According to EPA m ethod 300.0, external standards were run every 10 samples, and were 
required to pass w ithin 10% o f  the nominal concentration.
A suite o f  calibration standards were run twice each session, the first tim e for calibration 
and the second for verification.
Spikes and duplicates were run every 10 samples.
A t least three lab blanks were run during each session to check for contamination.
Q u a l i t y  C o n t r o l  f o r  I s o t o p e s :
Pyrolysis Elem ental Analysis-Isotope Ratio Mass Spectrometry (pyrolysis-EA-IRM S). 
Delta+XL system
ô^H and 0**0 value are m easured using pyrolysis-EA-IRM S. This m ethod utilizes a 
Therm oFinnigan M AT high tem perature elemental analyzer (TC/EA) and Conflo III 
interface w ith a Delta+XL Mass Spectrometer. The pyrolysis reactor consists o f  a
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reaction tube packed with glassy carbon/graphite and silver wool. Other TC/EA 
conditions are listed in Table 1.
Table A l. TC/EA Conditions
Pyrolysis tube Tem p I450^C
He Flow raté 120 m L/m in
GC colunm 3 m  5Â mol sieve
GC oven tem p 75°C
W ater/Liquid Analysis:
0.2 uL o f  water sam ple are injected into the TC/EA with a CTC Analytics A200SE liquid 
autosampler. The sam ple is pyrolyzed into H2 and CO gases then separated 
chrom atigraphically. These gases are then transferred to the IRMS, where the isotopes 
are measured. ô ^ H v -sm o w  and ô *^O v -sm o w  values are reported in reference to international 
isotope standards.
Typical Quality Control schem e involves analyzing laboratory w orking standards every 
seven replicate samples Each sequence batch is calibrated to NIST standards to confirm 
quality assurance.
Laboratory W orking Standards
DM W - 1 6 M a y 2 0 0 2 : Duckering building M illipore W ater collected on 16M ay2002. 
NIST standards: REF 8535 (V-SMOW ), 8536 (GISP), & 8537 (SLAP)
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Appendix 4 
Raw Data for all Study Sites
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P26 Field Qiflmistiy M wi8peclCP(iig/L) IC(mg/L) E50
Date
Dkohmge Condaclivity Temp AOmEoby Cd Co Cr Co F« Fb NO, SO* NO,
4
(cfi) pH (mS) (degQ (mgCeCOVL) As (.10) Cm (100) (1,0) (1.0) (1.0) (1.0) (50.0) K(IOO) Mg(100) (1.0) Ni(lOO) (1.0) ai(i.o) F (0.06) a  (1,0) (0.06) (1.0) (03) 0 "
4A8 3,890 7.54 1.08 48018.50 1666.00 1290150 6213.60 9.48 •16.96 ■12936
S/5 5060 7.74 10.9 134 1.11 4815Z7D 1633.30 12924.40 6570.40 6.48 0.15 5.7 20.8 027 •16,41 •12924
5M 4,069
5/19 3,740 7.75 0.448 10 1.24 45465.90 1.32 1580.00 13271.00 6304.00 2327 -16.69 -131.07
5/25 4,930
m 5,080 7.42 0.459 10.6 1.09 45831.00 256 2.83 1545.00 12710.00 6749.00 28.68 -16.53 -131.96
619 5,160
6A6 4070 7.658 0.461 10.6 151 0.76 34066.78 111143 9040.72 4461.56 21.81 0.14 6.03 2123 0.59 -17.63 •128.09
6/23 3070
6/30 3000 7.51 0.468 10.1 0.99 49314.61 IJO 162163 12653.09 6184.83 24.08 ■17.08 -13182
7/9 2000
7/19 1.690 7.45 0.467 10.6 137 1.14 48817J6 1866.40 13847.53 689159 23.33 0.13 6.6 20.4 067 -16.48 -131.76
7/30 1010
8/13 958 7.46 0055 101 1.01 50882J31 U S 1606.60 13928.69 6899.14 4170 •16.72 •13033
S/30 1030
9/16 1095 701 0028 10.9 155 0.47 38469.45 1.06 1241.72 10060.64 4896.05 1725 0.13 6.93 18.58 0.68 -1722 -13118
10/17 1,430 704 007 9.9 136 1.16 47233.11 1541.24 11843.20 6030.60 2324 0.13 6.59 17.95 0.63 •17.17 •131.06
11/14 1005 7.5 0017 9.6 141 0.92 45682.67 4.94 1450.31 1166957 5793.63 18.53 0.13 5.85 17.89 0.61 •1622 •131.72
12/13 1040 7.4 8.8 0.98 45356.06 4.19 1491.26 12725.61 6193.68 1429 -1821 •13531
1/19 2025 7.09 0.347 9.8 134 1.17 45187.21 3J3 1497.52 1243631 610429 20.13 0.13 5.31 17.88 0.54 •18 -134.63
2/4 1080 8.12 0.342 9.8 125 0.76 48184.05 3.13 1630,22 11728.13 586022 1827 0.13 520 1826 0.53 •17.58 -13142
2/18 1,030 707 0082 9.8 0.96 46884.01 in 1469.67 12270.27 6129.11 17.68 •1729 -130.92
3/4 1,130 7.66 0046 9,9 133 0.91 42206.63 2.19 1479.32 11480.81 581927 28.40 0.14 5.17 1856 0,50 -17.06 -127.46
3/16 1020 7.69 0348 9.8 131 0.71 41580.76 5.93 1394.18 11301,83 5510.48 16.42 0.14 5.16 18.67 0.49 •17.25 -131.4
3/29 1,600
4/6 1,660 7.43 0344 9.9 1.24 45281.78 1600.90 12215.76 640194 2029 -1526 -126.93
4/14 2040
4/26 3,450 7.5 0314 90 142 1.29 46576.98 Z34 1537.38 1205629 6741.49 2026 0.15 5,18 18.86 0.44 -15.6 •138.05
5/5 3,000
5/17 8030 705 0052 9.8 1.15 44294.93 1.24 116 1509.70 1220424 6167.30 15.92 -16.85 -13132
5/25 7,150
6/7 8,980 708 0046 9.9 1.11 45276.13 1.07 1.66 1536.91 12376.37 6454.44 15.92 0.14 5.41 0.00 19.05 0.44 •16.59 -13184













(fflgCaCOÆl 4 ,(1 0 ) C4(100)
Cd Co Cr 
(1.0) (1.0) (1.0)
M as Spec lCP(iig/L) 
Cu Fe












4A8 3.890 8.06 0.83 42411.70 1489.80 11989.20 6027,70 17.40 .17.1 -129.52
S/5 3.260
5/14 4.069 7.45 0389 9.1 132 0.87 41673.10 4.25 1428.00 11S03JO 622110 1510 0.11 51 14.9 0.74 -16.98 -12933
5/19 3,740
5ÛS 4.930 7.17 0.417 9.5 0.85 42523.00 1.17 1459.00 12509.00 6271.00 21.76 -16.93 -130.66
611 5.080
6/9 5,160 7.86 0.41 9.8 139 121 4763021 2.01 1668.92 14366.73 7290.61 28.96 0.1 6.3 1432 0.79 -1739 -12734
6/16 4J70
6 /n 3,270 7J9 0.405 9.9 0.84 40823.14 1.50 136168 1192199 5999.54 2114 -17.4 -12931
6/30 3,200
7/9 2,100 7.52 0.417 9.8 148 0.43 2746126 157116 11994.16 6251.51 23.57 0.12 5.8 13.8 0.84 -16.98 -131.66
7/19 1,690
7/30 U lO 7J2 0.423 lOLl 090 4668646 1720.08 12901.07 6717.89 11.70 -15.98 -13173
8/13 938
8/30 1.220 7.4 0.309 10 144 0.94 38680.70 1.13 1270.65 1099185 559693 23.45 0.11 6.61 13.86 0.88 -1734 -131.41
9/16 U93
10/17 1,430
11/14 y o s
11/13 1,340 7.38 0.334 9.4 0.65 41159.83 1.18 .1328.97 12651.76 6105.07 18.87 -17.82 -13183
1/19 2,523 7.43 0.329 9.4 124 0.76 40770.61 126 1308.37 1200L04 616717 2132 0.10 517 1336 080 -17.01 -130.77
2/4 1.380 7.89 0J 21 9.4 117 0.48 43095.95 1.09 1495.72 1158187 582494 17.92 nd 5.12 13.69 0.76 -17.78 -13142
2/11 1.030 7.47 0J34 9.3 0.71 41267.09 2.72 119492 11910.48 629191 5115 -16.47 -129,78
3/4 1,130
3/16 1,320 7.39 0J26 9.2 126 0.45 72382.40 155 2444.42 1109145 9826.92 3U 5 0.10 5.37 14.41 0.65 -17.48 -13033
3/29 1,600
4/6 1.660 7.46 0J26 9.1 0.95 41179.38 1405.84 11955.71 609910 17.87 '16 *127.68
4A4 2,240
4/26 3,450 7,42 0.292 92 ISO 1.06 44553.19 1.14 1305.93 12579.76 6399.92 27.10 0.11 536 14.15 0.61 -16.81 -1293
3/5 3,000
3/17 8,330 7.44 Ol321 92 0.87 42577.19 1.72 1.06 1338.76 11445.79 578175 19.69 -1&86 -131.7
3/23 7,150
6/7 8,980 7J7 0.314 92 0.67 39560.61 1259.98 11397.75 5774.00 20.86 0.10 5.63 0.00 12.88 0.76 -16.4 -13138
6/16 5,950 736 0.277 9.4 0.32 40322.49 1193.58 11450.19 6127.94 13.05 -16.54 -131,89




CondiKlivily Temp Alkilii% Cd Co & Cu Fe Mn Pb NOj SO4 NO,
(oft) (MS) (<bgC) (mfCtCO,!,) A* (.10) C i(100) (1.0) (1.0) (10) (1.0) (50.0) K(IOO) Mg (100) (1.0) Nt(lOO) (1.0) ZnO.O) F (0.06) 0(1.0) (0.06) (LO) (03) 0 " H*
3,890 7.03 104 4553330 1564.80 12417.40 1.08 6111.00 13.30 -16.87 -129.98
s/5 3J60 7J8 a/a 16 132 139 44347.70 151280 1207180 5963.00 14.70 0.11 4.1 19236 036 •16.64 -129.99
5M 4,069 7.89 0.361 14 1.84 43185.70 146930 11879.70 595730 2130 -1638 -131.07
sn9 3.740 7.35 0382 83 194 38360.00 1.76 1355.80 11093.10 546160 2132 0.13 4.2 172 036 -17.11 -131.78
5f25 4,930 7J9 0394 8.6 1.83 41359J)0 1.86 1459.00 1193100 5933.00 2231 -172 -13172
6/2 5.080 739 0391 9.1 2.01 38141.00 136 1.13 1340.00 1094100 5863.00 29.72 •16.84 -131.91
6/9 5,160 7.79 0394 93 146 108 42348.85 133 148231 12426.73 6785.89 28.08 0.13 433 15.78 037 -17.46 -129.07
6/16 4,270 7J33 0388 13.7 133 138 29119.82 989.98 8058.47 3878.69 15.28 0.14 4.12 13.67 038 -17.82 -1283
602 3,270 7.41 0338 9.6 1.87 39416.71 135 133304 1113147 560338 JS3I -17.41 ■13036
6/30 3,200 7.65 039 93 1.74 26679,32 1.11 1499.01 1102037 5837.03 31.65 -17.6 -13335
7/9 2,200 733 039 93 123 1,71 2838433 168536 12083.44 6146.80 20.89 0.13 3.7 143 036 -16.89 -13138
7/19 1,690 739 0391 9.7 120 102 40707A L09 1650.78 1143531 5771.97 26.88 0.13 3.6 14.5 036 -1627 -132.25
7/30 1,210 733 0396 9.7 L96 45899.03 1.10 172009 1262438 632597 13.94 -163 -131.17
S/13 958 737 0305 10.1 191 3697170 1.01 1337.79 10655.07 505536 3238 -17,04 -13124
S/30 1,220 7.69 0309 10.7 138 113 4088179 1.89 1444.74 11274.78 5349.18 2233 0.14 330 16.10 034 -1723 -131.7
9/16 U95 731 0391 10.9 139 0.84 28167.42 1.12 1078.46 8217.86 391423 2075 0.13 4.02 1627 036 -17.02 -132.12
10/17 1,430 73 0.3 113 137 235 43716.44 1.63 1378.55 11336.41 5429.83 26.72 no dan -17 -13074
11/14 UOS 733 0399 10.7 136 . 1.78 39267.08 1.43 1413.67 10936.00 5143.17 24.44 0.12 4.05 19.05 032 -17.07 -131.01
12/13 1,340 7.62 034 10.4 100 41211.43 1.88 1442.86 11628.73 5675.41 18.73 -17.65 -133.61
109 2,525 73 0329 9,6 125 136 41620.12 137731 11667.96 561534 15.84 0.12 4.23 19.15 032 -17.03 •130.76
2/4 1,380 762 0326 9.4 116 1.62 44023.82 1.16 1560.67 11444.81 5508.02 2030 0.12 430 2221 030 -173 -134.14
2/18 1,030 739 0336 93 1.79 4233433 1357.89 11557.65 5338.85 20.97 -1622 -12074
3/4 1.130 736 0325 16 123 1.60 39849.86 239 1340.47 1130322 5510.98 18.90 0.12 433 20.15 031 -16.9 -128,03
3/16 U 20 738 0329 17 125 1.44 3836136 1.03 1197.73 981436 472934 19.68 0.12 437 19.84 031 -17,11 -12933
3/29 1,600 734 0377 7.9 108 4354932 1.72 1349.66 12019.75 581231 2197 -1738 -13231
4/6 1.660 731 0326 8 1.89 4271332 b .i 1468.66 11817.69 5797,63 16.61 -16.87 -129.89
4/14 2040 7.66 0317 9.6 112 40590.94 1.03 1293.77 1111136 5677.41 2736 0.12 42 18.8 030 -17.42 -132.05
4/26 3,450 739 0391 7.9 141 1.98 45230.71 1402.85 1168529 6170.77 23.85 0.13 42 18.4 <TQL -1623 -12882
S/S 3,000 73 0388 11 0.80 41947.83 130 1267.88 11054.76 569738 63.72 -19.01 -133.13
5/17 8,330 739 0309 7.7 130 39264.01 138 237 1298.09 1121432 5933.49 2233 -17.06 -13229
5/23 7.130 7.11 0319 83 1.99 3925038 1285.15 10936.41 5490.41 21.99 0.13 436 0.00 1357 036 -1632 -131.91
6/7 8,980 7.4 0308 13 1.85 3854036 1.18 1269.60 10759.11 5441.73 6.70 0.13 4.69 0.00 15.07 035 -16.65 -13109
6/16 5,950 7,44 0373 1.6 136 39845.84 120038 10950.48 5627.11 11.81 -1647 -13034
00
o
P 3 4 Field Qmnistiy Mass Spec ICP(itg/L) IC(mg/L) ISO
D iaduige Coodnctivtty T a p A h W ÿ Cd Co Q Cu Pe Mn Pb NOi SO4 NQ,
0 “Dtts (eft) pE (mS) (degC) w c e c o y w A, (.10) Cm (100) (1.0) (1,0) (1.0) (10) (50.0) K(IOO) M *(100) (1.0) Ne (100) (1.0) Zh(1.0) F (0,06)0(1.0) (0.06) (1.0) (04) H*
VU 3,890 7.05 1.56 44131.10 1.37 1513,80 12008.80 591840 1170 -17.18 -13043
5/5 5,260
5/14 4,069 7.51 0.4 8.4 . 134 1.48 46955.10 1470,00 12448.00 6177.00 19.70 0.12 44 17.4 0.41 ■17.01 -131,42
5/19 3,740
5ft5 4,930 7,4 0.405 17 1.53 41401.00 1.50 1.08 1454,00 11916.00 6019.00 21,87 -17.04 -132.19
6H 5.0*0
6/9 5,160 7.86 0.41 9.3 137 1.64 43264,48 1450A7 13186.91 6644.72 26,55 0.13 4.5 16.01 0.44 -1744 -1274
6/16 4,270
6/22 3,270 7,36 0.391 9.4 1,53 41538,34 135541 11797.62 5750.00 23.77 -17.49 -12946
6/30 3,200
7/9 2,200 7.52 0,417 9.4 130 111 27930.77 1606.78 12170.72 6080.81 2440 0.12 4.4 14.8 0,42 -17.08 -1313
7/19 1,690
7flO U lO 7.57 0.416 9.3 1.45 4756347 173237 1317549 6648,14 1446 -16.57 -129.11
M 3 958
S/30 1,220 7.63 0,317 10 139 1.61 4239344 1.03 1417,93 11905.18 5673.94 2743 0.13 441 1546 0i40 -1746 -13134
9/16 1,395
10/17 1,430
11/14 1405 7.62 0.297 9,8 140 1.41 38622,88 1389.63 11413.61 5448.83 24.49 0.12 4.49 16.50 048 -17.07 -131,35
12/13 1440 7.46 0433 9.6 1.53 4134544 1380.85 11683.88 5687,12 17.08 -17.79 -13193
1/19 2,525 7.4 043 94 135 1.52 40512.34 131146 1161743 5578.99 20.42 0.11 4.52 16.53 046 -16.89 -130.6
2/4 1480 741 0453 9.1 129 1.25 42519.77 1377.40 11161.69 5388,72 2348 0.12 4.56 17.96 0.35 -17.81 -13347
2/18 1,030 741 0433 8,7 1.44 42864,62 136045 11903.78 5786,56 23.06 •17.06 -13115
3/4 1,130
3/16 1420 749 0,329 8.7 127 1.15 42149.02 1294.81 1064158 5137.24 20.67 0.12 4.51 16.95 046 -17.69 -131,15
3/29 1,600
V6 1.660 7.43 0,325 8.5 1.66 42913.16 1413.45 1209288 5867.42 19.98 -l&97 -130,07
4/14 2440
4/26 3.450 7.44 0,294 8,5 150 1.64 4191442 1348.23 11151.17 6054.52 15.05 0.12 4.33 16.55 043 -16.97 -131,66
5/5 3,000
5/17 8430 7.43 0418 8,5 1.52 43008.66 140 1346.28 11431,80 558041 21.03 -1745 -13188
5/25 7,150
6/7 8.980 7,34 0458 8,8 1.59 40472,68 1.06 1,10 1301,75 1162640 5716,10 21.66 0.12 5.03 0.00 14.91 0.41
6/16 5.950 7,39 0,285 9.1 1.05 41226,03 1194.51 1140260 5659,76 14.12 -16,47 -13341
00
MM2 Field QMDOoy Misg Specie? (pg/L) IC (ingil) ISO
Dde
D ischnge CondDcdvit; Toq> Cd Co Cr Cd Fe Mil Pb NO, SO4 NO,
0»
A
(cft) pH (MS) (* s Q (mg CiCOi/L) Ai(.lO) Ce (100) (1,0) (1.0) (1.0) (1.0) (500) K (10Q) Mg(100) (1.0) Ne(100) (l.O) Zo(l.O) F (0.06) 0(1 .0) (0.06) (1.0) (0.3) H*
4 /a 3,890
5/5 5,260
5/14 4,069 7.13 0.37 10.4 86 2.56 29608.40 13a.60 815290 4303.00 2880 0.15 200 1352 od .17.18 -13237
5/19 3.740 7.38 0 5 a 10.3 3.06 29349.00 1.68 1244.00 8736.00 3997.00 3853 -17.M -13285
5/25 4,930 6.89 0584 9.7 2.45 27649.00 1.05 1284.00 824200 3935.00 21.75 -1754 -134
6/Z 5,080 6.97 0.394 10.1 254 27ia.00 1.38 1254.00 7993.00 38a.00 14.15 -17.™ -134.91
619 5,160 7.71 0.385 115 91 158 28391.40 1.71 1408.71 M5820 4177.87 a.73 012 1.82 1255 nd ' -18.12 -13045
6/16 4,270 7.175 058 10 91 3.01 31M1.14 1.46 1826.43 11335.73 4819.41 3802 014 1.95 1192 nd -17.95 -129,95
6/22 3,270 7.14 0377 105 158 a i in s 1.49 1401.06 9510.34 420459 2875 -1752 -13063
6/30 3,200 712 0572 9.7 142 22015.19 1.17 1489.46 9084.76 4214.99 33.72 -17.73 -133.07
7/9 2,200 7.1 0.385 9.7 109 250 ai9175 1561.18 10134.20 442352 3156 0.12 1.70 14.10 -16.95 -13268
7/19 1,690 7.04 0.394 10,1 118 255 40051.46 173816 11808.98 5437.00 3833 0.12 3.10 15.60 od -16.06 -131.43
7/30 1,210 7.11 0409 10 2.54 46181.36 1.40 184151 12933.63 602755 13.97 -1607 -130.41
8/13 958 709 0516 10.4 153 41777.99 2.06 1567.81 1206298 5216.13 33.07 -17.19 -131.71
8/30 1,220 7,23 0505 105 148 154 40971.69 14M.57 11213.40 4995.06 19.75 0.13 3.30 1759 nd , -17.31 -13267
9/16 1,395 707 0.308 10.9 154 0.98 35557.59 1168.84 9407.89 435257 3055 0.13 3.62 17.85 0.32 -17.12 -131.78
l(V17 1,430 735 0501 10.7 139 133 45396.49 1599.10 12076.37 578297 19.04 0.13 4.52 16.57 0.46 -17.11 -131.87





3/4 1,130 7.46 0 5 a 9.6 126 1.36 39884.97 1330,74 11467.32 5507.61 14.42 0.12 4.41 1881 056 -16.96 • la . l l
3/16 1,320 749 0527 9.1 126 1.54 41756.03 ia3 .54 1169154 4969.61 13.93 0.12 4.59 19.52 036 -17.44 -13157
3Q9 1,600 7.49 0581 8.7 1.93 45030.54 141484 12881.66 6053.04 16.M ■17.17 -13L6
4/6 1,660 7.4 0.331 95 100 43000.05 1506.91 1190959 5687.19 15.00 -1753 -13151
4/14 2,240 7.19 0531 9.1 121 129 43033.54 1600.51 12083.67 6396.90 a .  14 0.11 109 a.9 0.49 -16.06 -12876
4/26 3,450 6,93 0.257 9.7 110 122 38956.40 1510.88 11106.84 603898 a .  10 0.12 5.9 27.0 0.46 -16 a -ia .43
5/5 3,000 659 0565 95 141 34MS51 1.08 140450 9408.72 492454 2271 -17,13 -13159
5/17 8J30 7.21 0.349 9 130 a  14619 1.11 1.48 110287 7534.80 4404.55 43.™ -16.57 -131,14
5/33 7,150 7 0.312 9.1 134 27163.16 1191.60 769955 4163.77 a .i9 0.13 257 0.00 14.03 <PQL -16.62 -131.84
6/7 8,980 7.06 0594 8.8 l a 35023.46 133951 9704.82 5458.99 19.50 012 3.10 0.00 14.88 058 -16.47 -131.81
6/16 5J50 7.06 0561 9.1 1.89 a683.48 1088.16 8366.46 4300.48 46,77 •16.42 •131.82
w
MM4 Plaid Chmnmüy MassSpeoICP(Dg/L,) IC(mg/L) ISO
I^sdung» ConJnciiviy Ttmp AlhBnîty Cd Co Cr Cu Fe Md Fb NO, SO4 NO,
Date (c6) pH (oS) (degC) (nvC aC O ^) As (.10) Ca(lOO) (1.0) (1.0) (1.0) (1.0) (50.0) K (100) Mg(lOO) (1.0) Na(lOO) (1.0) a  (1.0) F (0.06) 0 (1 .0) (0.0Q (1.0) (03) 0“ H*
4/28 3,890
5/5 5,260
5/14 4.069 7J4 0J 8 .10.1 123 1.84 42001.80 1485.80 11639,80 5845.70 3330 0.11 5.49 1666 0.49 -1685 -130.59
5/19 3,740 7,42 0J66 9.5 109 38536.00 132 1429.00 1119100 5467.20 3162 -17.01 -13186
5/25 4,930 7.07 0.4 9.6 105 42272.00 1.56 1576.00 12137.00 6468.00 20.86 -1731 -1316
fi/2 5,080 7.06 0J78 9.8 129 36153.00 131 1445.00 10459.00 681100 2856 •18.01 -133.99
fi/9 5,160 7,8 0.373 11.5 111 147 4018123 1.68 163933 12121.40 691133 28.83 0.13 5.16 15.07 0.43 -17.45 •13036
6/16 4,270 7J29 0.36 11 121 181 39206.00 1.75 1810.57 1422166 7261.52 25.16 0.13 4.45 14.48 039 -17.88 -129.06
fi/22 3,270 7.14 0J59 10.1 148 37120.51 1.53 1509.52 11095.09 5970.39 25.65 -17.71 -128.06
fi/30 3jOO 7.14 0J65 10.1 2.40 25120.65 159433 1037931 5441.00 2332 -17.54 -133.07
7i9 2,200 7J3 0.37 103 110 232 23194.64 1627.83 10721.54 5391.93 27.73 0.13 3.40 14,00 032 -1685 -131.31
7/19 1.690 721 OJ86 10.9 113 140 4047672 177103 11518.41 5619.59 1150 013 3.70 14.50 036 -1632 -13619
7/30 1,210 7.31 0391 10.9 2.57 39017.67 1783.48 1198904 5952.33 11.36 -1655 -1315
8/13 95: 7.37 0306 11.6 163 39058.05 1501.19 11024.41 3223.66 16.56 -17.16 -132.07
8/10 1,220 728 039 114 138 194 41990.06 1581.11 11123.14 3355.76 2030 0.13 3.72 0.00 17.49 036 -17.19 -131.11

















6/16 5.950 12 0.255 9.6 114 36573.56 123134 10128.49 5647.47 10.67 -167 -13245
00w
M M 5 Field Qiamiitiy Misa Spec ICP(ug/L) IC(mg/L) 150
Discharge Cmdnrtivi^ Tanp ADmlml(y Cd Co Cr Cu Fe m Ft) NO, so ,
Düb (cû) pB <HS) (degÇ) (mgCtCOÆ) A* (.10) Cm(IOO) (1.0) (1.0) (1.0) 0.0) (50.0) K(IOO) Me (100) (10) Ne (100) (1.0) Zn(l.O) F (0.06) 0 (1 .0 ) (0.06) (LO) (02) 0 “ H*
4/28 3 ^
5/5 5 ^
5/14 4,069 7.18 0.458 9.8 162 142 56885.20 1.49 2254.60 16524.40 9869.70 28.50 0.11 13.65 21.89 1.83 -1623 -127.7
5/19 3.740 7.41 0.439 102 3.45 4505100 3.12 2466.00 13669.00 5863.00 13.10 -1621 -12673
5/25 4,930 7.05 0.477 9.7 324 SI 10100 1.95 1.82 2879.00 15800.00 844&00 1823 -1622 -1262
6/1 5,0*0 6.9 0.551 11.1 225 58106.00 1.58 2148.00 18477.00 9660.00 19.63 -17.58 -13251
6/9 5,160 7.56 0.52 11 173 1.97 5262022 1.10 204921 18118.44 9198.87 25.73 0.12 6.58 18.86 1.46 -17.49 -12724
6/16 4.270 7.149 0.45 112 148 1.94 53078.35 123 2157.97 19367.10 883728 23.89 0.13 5.78 17.07 097 -17.7 -12724
6/32 3.270 7.08 0.447 11.9 1.94 4511828 185026 14824.62 775021 18.84 -17.39 -1272
6/30 3.200 7 0.416 10.6 1.96 4629020 1999,11 1342177 7527.15 26.73 •1622 -131.02
7/9 2.200 7.16 0.427 9.8 134 1.78 4912588 1983.57 14064.78 7691.86 39.60 0.13 820 14.90 0.78 -1594 -13055
7/19 1.690 7.17 6449 10.2 118 1.89 41219.03 1803 42 1228180 6288.98 2111 0.14 4.70 14.70 0.52 -1646 -130.33
7/30 U iO 72 0>(54 10.1 1.93 49757.85 105 187404 14004 83 7258.50 10.19 -15.99 -1302
8/13 958 7.44 0216 10.4 1.71 4179464 1427.17 11959.51 5785.40 17.28 -17.48 '131.84
8/30 y a o 7.57 021 11 164 102 47680.84 1548.93 12883.48 638184 19.31 013 325 16.89 0.91 ■17.14 ■132.85
9/16 U95 72 0.331 10.6 170 0.90 40880.10 1369.97 10838.43 5884.00 7,53 0.13 7.03 17.62 127 -1691 -130.7
10/17 1,430 728 0221 II 150 121 48178.75 1690.34 12454.43 6646.33 17.80 0.13 5.14 1823 087 -16.97 ■131.66
11/14 1.305 7.45 0297 10 140 1.84 42778.51 1460.51 1106521 5403,39 1&90 0.12 427 16.54 029 -17.17 -130.58
12/13 1.340
1/19 2,525 721 0225 9.4 128 1.98 45163.15 145825 13060.62 6368.62 1143 0.12 4.40 OOO 16.98 0.37 ■17.99 -133.79
2/4 UBO 7.99 0.319 8.9 127 1.83 42553.57 1.40 132130 11447.49 5525.06 16.20 012 4.50 0.00 19.65 025 -17.77 -133.87
2/18 1,030 8.06 0.333 9 1.71 41788.15 1321.89 11420,62 560156 15.54 ■1687 -12625
3/4 1.130
3/16 U 20 7.6 0225 8.8 125 1.19 33898.80 1050.35 1045322 410182 11.15 011 4.40 18.36 025 •17.06 -131.13
3/29 1.600
4/6 1,660 729 0226 8.7 1.97 41629.54 1361.44 11665.57 5650.76 1162 -15.76 -127.7
4/14 2,240 7.42 0239 8.4 151 L80 51274.77 1478.31 13788.36 6241.25 17.70 0.11 62 16.6 0.54 -1651 -128.5
4/26 3,450 726 02 8.9 143 1.86 45084.88 1258.79 1230522 5931.17 14.47 012 4.6 17.1 0.36 ■1625 •129.09
5/5 3,000
5/17 8,330 7.16 0.419 9.4 3.55 53336.99 129 157 255521 15139.54 7424.50 14.40 -15.74 -12522
505 7,150 6.98 0.423 9.6 1.72 47496.14 1883.78 1555529 944195 13.05 0.13 7.04 0.00 18.44 1.43 •1646 -130.83
6/7 8,980 7.02 0295 92 1.83 42581.87 175186 14061.57 7956.55 1825 0.12 623 OOO 1656 1.06 -1658 -131.51
6/16 5,930 7.04 0284 9.6 1.42 38*91.94 1455.89 12349.09 6276.00 13.61 -1653 -132.05
004̂
H G R Fiflld QMmiatiy MnsSp6ClCP(qg/L] IC(mgL) ISO
D uduige Tenf AlWmly Cd Co Cr Cu Fe Mn Fb NO, SO, NQ,
0 “Dmb (c6 ) pH OcuducOv̂ mO (* |C ) (m gC K X ^) A* (.10) Ca(lOO) (1.0) (1.0) (LO) (1.0) (50.0) K(IOO) M (̂IOO) (1.0) Na(lOO) (1.0) Zb (1.0) P (0.06) 0 (1 .0 ) (0.06) a o ) (03) H*
«28 3,890 8.29 212 2649120 1.07 1.07 96310 7670.00 8.79 3160.40 731 -17.13 -131.13
sys 5,260 1.18 11.73 71 1.58 2222130 70710 6595.70 6.01 2734.70 2130 0.06 0.98 8.80 nd -17 -130.83
5A4 4.069 8J5 0231 9.6 1.67 2547320 102 808.40 7720.10 291030 20.80 -1733 •132.54
5A9 3.740 8.42 0241 10.4 3,09 24023.00 1.46 935.70 7607.80 1133 2958.60 2016 0.09 134 1145 od -1735 -133.63
S/25 4,930 8.25 025 10.5 2.07 24460.00 115 1028.00 7629.00 7.49 3575.00 19.06 -17.45 -133.94
6/1 5,080 7.89 0.245 12.7 2.09 24633.00 1.08 1017.00 7757.00 9J3 3507.00 13.96 -17.82 -134.6
6/9 5,160 9.05 0242 113 80 2.56 24771.80 1.19 1075.38 7995.58 5.46 3320.51 26.85 0.09 135 11.75 nd -18.41 -13039
6/16 4,270 8.068 0.264 123 93 1.75 1799926 797.49 5634.35 784 242438 16.84 O il 139 13.54 nd -17.84 -128.16
6/n 3J70 8.23 0287 16.4 138 23667.98 1.06 1245.14 8661.89 1107 3925.60 19.75 -17.73 -128.94
6/30 3,200 8.14 0288 17.4 115 2016157 1284.36 8964.08 11.61 3984.78 17.26 -17.13 -133.67
7/9 2,200 8.47 0323 15,6 123 229 32238.75 1389.51 10027.57 9.28 4304.27 13.59 0.10 1.60 16.00 nd -16.86 -13373
7A9 1.690 8.27 0.345 203 97 334 32730.40 1.14 1444.65 10726.17 2170 484111 19.01 0.12 1.80 1930 nd -ld l5 -U0.7S
7/30 U lO 8J1 0.335 20.6 3.83 35803.84 174318 11840.63 14.17 522761 9.73 -Ids •13146
R/13 958 8.47 0266 19.6 3.05 30266.30 1.29 134211 1049090 IL51 453036 9.84 -16.98 -131J1
8/30 1,220 823 m 16 115 3.58 3652421 1.42 163519 11759.79 7.78 5827.40 18.95 0.17 154 27.49 nd -17.15 -131.74
9A6 1,395 82 0.295 111 120 3/46 39570.75 1.11 185915 11243.83 9.90 623143 21.96 0.18 187 29.54 nd -17.02 -13168
10/17 1,430 825 0302 9.8 122 4.01 42635.46 111 1948.51 11446.50 4.01 6837.90 2133 030 3.30 34.63 nd -1672 -129.78
11A4 1,305 8.16 0291 26 117 197 3660729 1600.34 1072191 3.81 6237,80 21.84 0.20 2.91 35.07 nd -16.42 -131.95
12/13 1,340 82 0322 1.5 2.89 3874424 1.17 162198 11378.69 3.46 6716.87 15.97 -17.78 -13332
1A9 2,525 8.02 0.308 0 105 3.58 42275.08 137 1941.10 12433.05 7.05 7199.78 25 68 0.18 3.38 0.00 33.91 nd -18.1 -134.98
2/4 1,380 8.98 0296 1.7 98 2.91 3775136 1518.35 1054918 817 6017.12 1439 0.18 191 0.00 33.05 nd -16,96 -131.79
2/18 1,030 8.43 0314 1.3 175 39314.00 1476.10 1135916 8.80 6343.63 1033 -163 -13031
3/4 1,130 827 0307 63 108 195 37919.81 1.68 167817 1I608J1 18.17 644838 10.81 0.19 199 34.99 0.00 -1735 -13048
3A6 1,320 829 029 5.9 100 178 36341.46 1.57 1437.70 11440/40 14.87 5457.11 14.43 0.17 181 31.45 000 -17.48 -131.61
3/29 1,600 825 0238 62 3.11 36590.42 156819 1100016 18.65 6201.59 13.90 -17.19 -13114
4/6 1,660 825 0.267 8.4 192 33437.67 148103 10177.02 17.17 573155 1633 -16.83 -13077
4/14 2,240 8.18 023 6.1 85 151 28721.49 111136 8373.65 8.91 4518.02 16.24 0,14 11 21.6 nd -16.87 -129.49
4/26 3,450 7.85 0.192 10.7 84 127 26250.10 1010.91 7901.35 1115 3948.57 15.02 0.10 1.5 15.7 n d -15.79 -127.54
5/5 3,000 8.1 0.197 10.4 0.95 28089.76 946.71 7795.47 11.90 345130 1432 -18.09 -13038
5/17 8,330 7.89 0.187 9.8 158 21855.02 937.04 6235.65 10.04 296731 16.62 -1631 -13L06
5/25 7.150 7.52 0203 10.5 3.50 2381512 112 1041.67 6564.32 1232 3548.44 17.01 0.10 1.42 0.00 13.11 -16.48 -131.39
6/7 8,980 7.81 0215 101 4.43 24567.48 3.73 1204.14 6734.03 9.78 3931.66 2038 0.10 139 0.00 1330 <PQL -16.44 -13136









W (ngCcCCML) As (.10) Cm (100)
Cd Co Cr 
(1.0) (1.01 (1.0)
Mass spec TCP (ug/L] 
Cu Fe











7flû U lO 8.2 0263 20 3.69 36087.90 1.12 175460 11867.50 1420 5316 50 7.66 .1665 -13111
8/13 1,130 832 026 195 194 32948.95 1,17 1442.92 1168442 10.44 5024 86 19.93 -17.08 -131.45
MO 1,220 8.52 0294 162 127 3.71 37895.35 1.36 172822 11694.43 525 5945.66 18.85 0.1686 15368 26.297 nd -172 ■131.67
9/16 1,395 8.2 0291 11.1 129 124 28717.31 1448.56 8996.46 627 4939.16 16.36 0.1793 18673 29.424 nd -16.96 -13136
10/17 1,430 8.18 0.299 9,8 122 4.06 43898.17 1.35 1947.89 11314.15 5.08 6988.95 19.78 0218 3.3411 35.575 nd -1&88 -131.7
11/14 1,305 8.14 0298 2.8 117 196 40208.73 1579.99 1108136 181 6429.05 19.01 0.19 183 34.15 nd -17.12 -13178
13/13 1,340 &28 0.321 1.5 187 38175.90 1.13 1603.92 11157.24 3.02 6577.73 15.50 -17.74 -133.4
1/19 2,525 8 0214 0 103 180 37662.38 1,09 1474.98 11661.46 4.02 634173 1727 0.1791 3,9643 0 3182 nd -15.49 -127.17
2/4 1,380 8.88 291 U 103 153 36903.44 1609.98 10293.48 7.04 5738.00 17.48 0.1739 17778 0 31.157 nd -17.54 -13421
2/18 1,030 0216 0.7(1») 177 38663.87 1447.91 11017.40 8.44 6159.33 10.50 -16.79 -127.83
3/4 1,130
3/16 1,320 8.9 029 6 99 178 3555524 120 143140 11191.79 15.16 5271,83 1021 0.17 175 3128 0.00 -17.18 -13122
3/29 1.600
4/6 1,660 827 0231 7.6 3.01 32547.86 1400.96 9648.11 21,24 529724 1320 -168 -13125
4/14 2,240
4/26 3,450 7.78 0.192 10.7 70 136 27385.66 1126.67 8236.80 1101 4474.52 17.53 0.112 1.6602 17.931 n.d -16.33 -128,45
5/5 3,000
5/17 8,330 7.91 0.1823 9.8 151 22241.91 1.59 1031.72 6546.37 828 3221J6 9.95 -16,7 -131.16
5/25 7,150
6/7 8.980 7.81 0.212 102 4,54 24816.06 3.45 1210.95 6729.84 8.17 3968.12 19,65 0.12 1.69 OlOO 1420 <PQL -16.36 -131.18
6/16 5.950 8.02 0216 142 4.01 28538.31 135 1093.78 7883.92 10.77 4566.40 20.46 -16.45 -130.97
00











(mgCaCOi/L) A» (.10) Ce (100)
Cd Co Q  Cu Pe 











































7.23 0.419 9.7 1.84 48270.96 1936.53 1310058 677735 1633 -16.03 •1293




D H l Hdd Cbamisliy Mass Spec ICP (og/L) IC(mt/L) ISO
Diachflige Tsnp ASo&nfy Ci Co Cr Cu Fe lia Pb NO, SO4 NQ,
0"Dale (0&) pH Cmdwttvl̂ niS («togÇ) (mgCaCXJÆ) Aa(.lO) CaOOO) (1.0) (1.0) (1.0) (1.0) (50.0) K(IOO) Mg(lOO) (1.0) Na(lOO) (1.0) Zm (1.0) F (0.06) a  0 0 ) (O.OQ (1.0) (04) H*
9/16 U9S
10/17 1,430 7.18 0485 124 122 346 3625341 1.33 1525.13 10465.30 8083.02 4519 0.10 611 0.00 1844 0.82 -17.1 -130.45
11/14 1403
12/13 1440 743 0424 10.9 2.86 40246.44 1.14 1408.08 12047.84 6308.31 2940 -17,89 -133.1
1/19 2425 743 0436 9.9 SI 2.68 27486.79 1.42 3.05 1183.60 8138.84 7347.70 24.46 nd 714 0.00 1149 0.46 -17.51 -130.77
2/4 1480 7.85 0.302 9.6 106 164 35789.43 1160.08 10079.90 575152 35.13 5.40 0.00 1843 0.67 -17.11 -130.44
2/18 1,030 7.24 0429 74 143 37264.53 1159.47 10438.11 586152 15.79 -1&3S -130.69
3/4 1,130
3/16 1420 , -
3/29 1.600 742 0461 8 2.96 3825748 135148 10720.72 6209.70 14.15 -1&95 -129.81
4/6 1,660
4/14 2440 749 0.31 84 120 2.89 35473.40 1.73 1221.34 968546 6103.11 1612 0.09 8.86 18.98 0.49 -16.86 -1304
4/26 3,450
5/5 3,000 6.93 0417 8.3 1.53 31685.33 1.10 1088.16 8360.69 7906.84 40.11 -1719 -129.49
5/17 8430
ira 7.150 6.53 0.0503 1.1 110 6154.85 179 474.42 1635.04 185148 3342 <PQL 1.38 0.00 142 4 ^ -16.16 -126.43
617 8480
6/16 3,950 6.79 0.0921 8.8 0.62 10874.15 437.59 284747 2354.42 23,65 -164 -12742
00
00
DH2 FIdd CbeDiistrjr Mmw Spec ICP (ug/L) iC(ng/L) ISO
Dato
D isd isge Tenp AlkaMiy Cd 06 Cr Cu F« Mn Pb NO, S04 NQ,(cfc) pH Cooibatnî ioS (degQ (QgCiOO|/I,1 A* (.10) C l (100) (1.0) (1.0) (1.0) (1.0) (500) KGOO) Mg (100) (1.0) N»(10C) (1,0) & (L 0) F (006) a  (l.O) (0.06) (1.0) (03) 0 "
9/16 U95
10/17 1,430 7,49 0305 10.4 140 1.93 43804.48 1.09 1537.03 11178,14 5475,70 23.66 0.12 4.70 16.24 037 •17.15 -13114
11A4 1,305 7.46 0.305 10.5 135 1.83 41140.18 6.15 139936 10860.55 5363.76 33.01 0.12 439 16.58 039 -1721 -13101
12/13 U40 7,52 033 10.6 1.76 41201.25 1.96 106,08 1637.59 11650.16 1.61 6019.56 93.03 -17.72 -133.67
1/19 2,525 7,69 332 9.4 118 1.87 41703.57 1360.91 1180034 5968.58 2173 0.13 7.62 0.00 17.09 0.55 -16.98 -131.12
2/4 USD 8.17 0.326 81 130 1.47 44750.32 7.42 1595.14 1153151 5484.74 2838 0.11 4.65 0.00 1837 0.37 -17.59 •13194
2/1: 1,030 8.19 0335 9 1.59 41876.74 20.50 1318.95 11571.89 5381.16 4523 -1625 -12928
3/4 1,130
3/16 1,320
3/29 1,600 738 0379 83 102 40859.19 130 1430 1398.97 11296.47 5500.92 24.91 -17.4 •131.96
4/6 1.660
4/14 2,240 7.44 0331 9.1 1.75 42787.50 1.76 1.82 1610.88 1170682 6799.01 24.04 0.11 4.9 17.0 035 -15.69 -126.91
4/26 3,450
5/5 3,000 733 0391 8.7 1.77 4124974 7.50 1274.09 1194632 6339.04 51.46 -1731 -131.99
5/17 8330
5/25 7,150 735 0308 8.7 1.86 40709.15 5.46 1287.16 1114146 5628.77 27.17 0,11 4.19 0.00 15.91 0.41 -1&85 -13126
6/7 83*0
6/16 5.950 739 0378 8.9 134 40371,90 1.19 12.81 138155 11237.53 577730 60.94 -16.56 -131.74
00
VO
B L S FUd Qumatiy MmSpeeICP(De/L) IC(mg/L) ISO
*.
D isduigc Ooodwtivity Teofi /UUinity Cd Co Cr Cu Fe Pb NQ, SO, NO,





5I2S 4,930 7,16 0.43 10.4 1.14 43505.00 1532.00 12339.00 6321.00 14.89 -17.03 -131.82
6/2 5,0*0
6/9 5,160 8.1 0.452 125 149 153 48195,85 3,74 2341.60 13771.54 542 7265,91 33.45 0.13 5.11 20,22 063 -17.45 -128.94
6/16 4,270
602 3570 756 0.447 10.6 158 4688292 1,69 1913,64 12146.70 630166 24.67 ■17.61 •130.06
6/30 3500
7/9 2500 7.62 0.441 10.5 139 0.71 49279.36 4.62 224515 1291579 1.58 7230,46 3159 0.12 5J0 18.60 0.57 -16.97 -131.55
7/19 1,690
7/30 1510 7,6 0.433 10.4 095 5143152 598 2222 73 13655,70 1,16 7298.46 17.83 •16.08 -131.44
M3 951
MO 1520 7,48 J03* It 149 151 42683.63 1437,15 11051,41 5637.90 2123 0,13 520 17.16 0.48 -1726 -132.03
9/16 1595
10/17 1,430 7,5 0506 95 129 1.51 45824,64 1556.53 11693.75 5856.66 8,81 0.13 527 1691 0.54 -17.67 -131.82
11/14 1,305 7,52 0501 8,9 137 159 43667.43 1494.75 11187.08 573176 13.71 0.14 4.96 17.91 0.47 -17.14 -131.49
12/13 1540 7.37 0537 85 1.12 42954.12 1440,89 12344,46 5930.42 11.78 -17.93 -133.81
1/19 2,525
2/4 1580 8.16 0.333 9.9 126 0.95 47256.13 1672.27 11519.73 561111 10,64 0.14 4.96 0.00 19.94 0.41 -17.75 -132.11
2/18 1,030 7.94 0.345 95 1,10 45314,46 150958 12011.94 5967.16 17.53 -16,84 -131.01
3/4 1,130
3/16 1520 7.65 0,34 95 127 0.93 42119.08 1470,52 1190&80 5410.92 13.78 0.13 4.96 20.91 0.41 -1727 -13125
3/29 1,600
4/6 1,660 7.5 0,34 105 1.44 44017.73 1584.81 11655.43 5911.53 20.64 -16,7 -129.45
4/14 2540
4/26 3,450 7,46 0508 105 144 1.53 44359.07 1633,04 11856,18 6183.45 16,59 0.14 5.12 19.92 0.40 -15.98 •129
5/5 3,000
5/17 8530 7.63 0543 10,2 156 44306.90 506 157 173450 11911.48 1.95 6017J2 20,97 -1697 -1321
505 7.150
6/7 8.980 754 0547 10,1 153 4508522 1595.64 12418.11 6348.71 15.72 0,13 6,06 0.00 1924 0.55 -166 •13156













) A* (.10) Ci  (100)
Cd Co Ci 
(1.0) (1.0) (10)

















SIS 5.260 7.61 0,413 1.06 4408100 1455.00 11985.00 5656.00 18.90 •16.73 •130.47
SI16 4,069
5/19 3.740
3/25 4.930 7.38 0.433 104 1.03 41924.00 U 1 1.89 1554.00 12477.00 6344.00 16.87 -1684 -131.82
6/2 5,080
6/9 5.160 7.96 0.431 10.7 1.09 46577.81 1.80 1681.04 13507.74 6631.65 24.63 •1719 -127.74
6/16 4,270
6/22 3,270 7.6 0.433 12.9 0.98 4630832 111 1730.19 12035.77 6048.03 3812 •17.64 -12813
6/30 3.200
7/9 2,200 7,59 0.435 119 144 0.45 28601.43 1.56 1858.35 12180.72 6108.74 17.38 0.13 4.4 18.9 0.4 ■16.88 •131.98
7/19 1.690
7/30 U lO 7.54 0.444 10 0.67 47514.69 1.20 172127 13630.49 6277.91 13.30 ■15.97 -129.62
B/13 958
8/30 1.220 7.38 309* 10.9 149 1.02 44074.08 1407.78 11685.89 547514 18.15 0.15 411 18.69 0.35 -1711 -13313
9/16 U95
10/17 1,430 7.46 0J04 8.9 144 1.12 44875.19 144109 11763.53 5695.52 13.16 0.14 4.06 18.04 0.34 •17.6 -131.48
























(!QgCiCO|/L) Aï (.10) a(ioo)
Mass Spec
Cd Co Cr Cu Fe 
(1.0) (1.0) (1.0) (1.0) (50.0) K O OO) MgO<W)
Mn Pb 










M 3 958 719 0323 11 . 108 39471.27 167635 10200.63 191 580029 35.38 172 -131.51
MO 1 ^ 0
9/16 V 95 7.1 0.283 113 136 1.77 39876.12 1846.13 10480.62 3.73 6063.02 2026 0.1138 8,0814 15.465 0.7987 •17.12 -13136
1M7 1,430 7.18 0.287 10.9 122 1.94 39838.80 1811.37 1075104 6000.56 37.86 0.1089 8.1168 16.979 0.9167 ■1737 -130.16
11/14 UOS 7.52 0.284 10.4 132 1.60 3535438 1948.50 10024.58 6279.22 15.67 0.09 8.65 14.80 0.87 -17.04 •130.18
12/13 1340 7.2 0304 10.9 1.59 39623.67 1905.11 11514.79 1.34 6764.17 19.81 -17.77 •13224
1/19 2325
. 2/4 U 80 7.85 0302 9.5 124 1.54 40065.65 1868J2 1079061 6313.68 15.08 0.10 720 0.00 18.82 0.82 •16,56 -12828
2/18 1,030 U 6 0306 9.1 1.43 39162.66 157198 10747.47 611189 19.49 -15.91 -12835
3/4 1,130
3/16 1330 7J13 0308 9.1 106 139 38486.83 1419.95 11680.79 550169 16.08 0.10 729 1936 0,72 -1629 -12823
3/29 1,600
4/6 1,660
4/14 2,240 7 j 0305 8.6 130 1.68 40990.45 176110 1114171 6341.66 1520 0.10 7.46 17.62 0.59 -16l35 •128.16
4/36 3,430
5« 3,000 7.04 0.284 9.4 D.SB 41138.03 2115.71 11277.61 6481.05 1525 -17.71 -129.79
5/17 8,330
5/25 7,150 7.16 0.327 9.1 1.86 3805108 148167 10163.40 5848.72 4170 &1I 9.19 0.00 1727 0.56 •16.43 •13023
6/7 8,980
6/16 5,930 7.06 0.335 10 0.15 5134437 2913.98 12645,77 9207.13 1527 ■1627 -U1.58
s
H G S Field Qumistiy MuBSpeclCP(ttgL) IC(mg/L) ISO
D isdiarge lamp ADaBniÿ Cd Co Ci Ctt Fe Mn KO, S0| KO,
o"Dite (c6) PH CooJuuUviî mS (<togC) (mgCtCOi/Ll As (.10) Cm (100) (1.0) (1.0) (1.0) (1,0) (50.0) K(IOO) Mg(100) (1.0) Na(IOO) (l.O )ai(l.O ) F (0.06) a  (1.0) (006) (1.0) (0.3) H*
4A8 3.890
S/3 5.260 7.73 127 z u 40436.10 1450.80 11218.80 5204.40 9.95 0.11 3.54 14.11 0.38 •16.86 -130.5
3/14 4,069 7.5 0.359 10.8 123 1.93 39921.70 1461.30 1132020 521720 17.10 011 3.87 13.76 0J9 -17 -130.91
5/19 3.740 7.63 0.375 10.6 1.98 39288.00 1386.00 11473.00 5299.00 27.40 0.11 3.73 13.95 0J9 •17J6 -13172
5/25 4,930 7.41 0.384 9.8 1.98 3809100 1.13 1321.00 11080.00 525100 19.40 -17.07 -13105
5.080 7.33 0369 11.1 Z02 37675.00 137100 10978.00 5208.00 30.42 -17.9 -134.59
6J9 5.160 7.89 0382 11.6 104 39987.30 1421.70 11867.60 5370.12 29.75 0.12 3.66 13.79 0J8 -17J2 -12713
6/16 4.270 7.437 0.381 133 134 120 38707.45 226 1483.00 1312727 5720.63 3010 0.11 412 13.73 0.42 -17.57 -128.43
602 3.270 7J9 0.387 103 155 41092,59 1.02 1415.51 1109100 523186 2150 -17.55 -126.11
6 m 3.200 721 0389 113 1.66 27319.90 1507,14 11457.80 5398.97 33JS -16.17 -130.46
719 2.200 7.57 0395 12 120 1.54 36123.92 1419.10 10280.92 4781.68 1711 0.10 3.40 13.10 0.39 -I6 i5 -129.41
7/19 1,690 7,42 0.4 10.9 117 1.74 41207.36 1644.97 12040.73 563198 26.39 0.10 3.40 13.40 0.39 -16.42 -13015
7/30 1.210 7.57 0.4 11.1 103 41730.90 1.09 161506 1202171 6315.96 49.39 -16.56 -13112
8/13 938 746 0.309 10.9 193 18975.99 185 136149 10396 52 4849.40 17.91 •17J7 -131.88
8/30 1.220 729 0,278 113 139 1.94 40440.09 134029 11046.49 5154.42 1164 011 3.68 13,67 0.39 -1716 ■ -131.88
9/16 1.395 7.41 0396 10 136 1.92 40771ir I .ll 1347.11 11143.84 508&64 14.11 0.12 4.01 13.75 0.40 -17.12 -13113
10/17 1,430 7.54 0396 93 127 101 4243123 121 136126 11197.71 5271.58 19.76 0.11 4.29 13.96 0.41 -1712 -130.78
11/14 U05 7.58 0349 8.4 136 1.77 36490.64 1246.08 11089.12 5241.27 2166 0.10 3.84 14.27 0.40 •16.42 •131.16
12/13 U40 7.6 032 8.7 1.74 40087.40 121 1289.17 11770.83 545168 15.82 -17.75 -13183
1/19 2,523 8.1 0313 8.1 121 1.88 4061123 1174.43 12274.10 5808.94 16.83 0.10 3.86 0.00 19.84 0J4 -1814 -13174
2/4 1.380 8.04 031 8 134 1.58 41119.92 1179.46 1128135 5216.26 14.11 0.10 4.01 OOO 14.60 0.36 -16.88 -130J9
2/18 1.030 7jS3 0321 8.6 1.51 40688.» 116152 11101.94 5023.56 21.75 -1608 -12909
3/4 1,130 7.54 0316 9.4 127 1.17 39941.36 125122 11216,64 5180.10 1192 0.13, 414 15,13 036 -17J5 -130.84
3/16 1,320 7.54 0318 8.9 125 1.19 3989126 1194.77 11848.73 4791.87 13.94 0.10 3,83 14.28 0.35 -16.73 -129 J5
3/29 1.600 755 0371 8.9 1.69 43055.01 1335.12 12216.63 5459.17 17.81 -1717 -13154
4/6 1,660 7.6 0.317 9.6 1.66 4129423 134198 11807.34 549810 19.52 46.98 -12906
4/14 2,240 7.53 0313 9.3 140 1.92 41813.69 1270.07 11524.31 657911 61.10 0,11 3.6 150 034 -1716 -13102
4/26 3,450 7.49 0.284 9.5 139 111 39577.49 1233.45 11233.87 5599.93 16.40 0.11 3.7 14.9 054 -16.76 -130.2
5/3 3,000 7.3 0382 9.7 0.99 38961.95 1229.31 11327.46 5315.72 15.45 •1687 ■129.12
5/17 8,330 7.44 0318 9.6 1.91 37207.06 1.07 129 1056.63 9985.98 4786.88 1816 •1616 -13101
5/25 7,130 7.11 0.288 10 1.99 37436.90 1199.91 1019152 482017 16.53 011 4.44 0.00 13.07 0J2 -1613 -131.91
6/7 8,980 7.46 0399 9.8 100 38690.17 1.09 1.17 1234.76 11069.45 5231.46 1518 011 4.69 0.00 1320 0J9 -16.84 -13178
6/16 3.950 725 0374 103 1.52 40383.49 1163.72 11029.87 531939 13.14 •1612 •131.42
HGD Field C3umitiy MaasSpecICP(itg/L) IC(mg/L) ISO
Date
Diachmge Tenp Alkatèil̂ Cd Co Cr Cu Fe Ml n> NOi SO4 NO,
*
pH OocdnaWoiBS (dflgÇ) (ngCiCOa/L) Aa(.10) Ce (100) (1.0) (1.0) (1.0) (1.0) (50.0) K(IOO) Mb 000) 0-0) Ne (100) (10) Zû(1.0) F (0.06) 0 (1 .0 ) (0.06) (1.0) (OJ) 0“ H*
4/28 3,890
3/5 5,260 .16.55 -130.85 .
5/8 4,069 7.83 0.417 1.20 15444.10 7.72 114 903.30 493510 20,00 3911.60 higk
SA9 3,740 7.85 0.425 11.1 1.73 4133100 1.03 137 1574.00 11760.00 8.41 5765.00 53.58 0.11 4J5 15.72 0J5 •17.17 -13104
503 4,930
6/1 5,080 7.35 0.448 10.7 1.43 42168.00 1.14 1585.00 12207.00 6176.00 23.73 -17.55 •133.56
619 5,160
6/16 4,270 7.627 0.4Î3 143 12» 2.08 47362.66 3.57 1661.03 14721.40 688101 3153 0.10 4.73 14.66 0J9 -17.65 -128.73
6/22 3/270
6/30 3JOO 7J6 0.447 10.3 1.51 27163.06 111 1593.52 11654.69 5900.04 34.08 -17.14 -13132
7/9 2000
7/19 1,690 n i 0.456 106 135 1.86 42239.60 119 1445.73 1210174 5808.64 2937 0.11 4.10 14,50 (U8 -16.19 -130.64
700 U lO
M 3 958 7.58 0J43 103 1.84 39138.30 1.68 1307.36 10363.12 4939.64 2248 -17.05 -13122
8/30 1,220
9/16 1,395 7JB 0.337 9.6 135 1.85 4131150 1.17 1408L59 1093315 5116.33 19.70 0.10 3.88 13.69 0.40 •17.19 -13122
10/17 1,430 7JB 0.324 93 118 1.91 42868.90 1.48 1473.86 1124104 536013 25.84 0.11 4JB 14J0 041 -17.28 -130.61
11/14 UOS 7.67 0J74 ne 142 134 41461.63 1.67 1386.43 1136161 5524.85 23.73 0.11 4.78 15.16 0.40 -16.43 -131.18




3/4 1,130 7,66 0.346 9.3 132 0.40 41994.08 148 1393.95 12177.57 6121.88 18.84 0.11 5.M 1558 0.36 -17.18 -130,87
3/16 U 20
309 1,600
4/6 1,660 7.55 0J46 97 1.06 44877.96 1487.83 12713.94 6265.86 15.31 -16l54 -129.03
4/14 2,240
4/26 3.450 7.26 0316 9.5 137 1.08 47426.46 130 1413,60 1277121 6320.43 16.70 0.13 5.16 15.80 0.33 -16.71 -13062
5/5 3,000
5/17 8,330 7.63 0346 9.7 1.02 44381.47 1.82 1.73 1329.16 12689.91 6214.40 1715 -16.7 •13167
305 7,150
60 8,980 7.59 0.345 9.7 0.90 4402815 1.32 1423.14 12160.92 6053 J6 17.10 0.13 5.00 0.00 15.57 0J3 -16.53 -13169
6/16 3,930 7.32 0.31 10.4 0.63 45063 78 128817 12035.55 6060J6 20.78 ■16.52 -13147










Cd Co Cr Ca Fe Mn Pb
Ae(.10) Ca(IOO) (1.0) (l.OXl.O) (1.0) (50.0) K(IOO) M g(100) (1.0) tfa(lOO) q.O)ZD(l.O)
IC(mg/L)
NOi, SO4 NOj







































































(dagQ (mgCaCCVL) As (.10) Cs(lOO)
Cd Co Cr Cd Fe 




(1.0) a i(i.o )
NOi SO4 




S/I 5,260 7.17 0.164 117 0.14 15595.40 91920 5001.90 1170 3914.60 33.90 .1722 -130.4
5A6 4,069
5/19 3,740 7.1 0.169 9 0,37 •21401 •1203 •7371 121 •5450 39.74 0.06 4.48 6.19 0.90 -16.93 -13041
5/25 4,930
6/2 5,080 6.68 0.1831 9.4 0.19 1615100 914.00 5533.00 14.74 4183.00 28.08 -17.76 -129.12
6/9 5,160
6/16 4,270 6.798 0.1774 11 56 0.17 16153J9 875.89 636720 1025 4245.10 19.58 0.05 3.75 524 0.82 -17.49 -128.04
6/22 3,270
6/30 3,200 6.58 0.18 15 b.d 1177160 725M 5321.40 5.78 389178 23,67 -16.72 -130.64
7/9 2,200
7/19 1.690 6,79 0.196 9.4 58 b.d 18044.62 744.14 5728.64 5.93 4017.79 31.96 0.05 4.10 570 0.97 -16.48 -12929
7/30 m o
1/13 958 6,78 0.1395 9.1 0.43 16994.71 850.46 551225 4.31 3801.70 9.05 -1708 -129.88
8/30 1,220
9/16 U 95 6.59 0.1513 9.9 62 0.23 17720.17 964.47 3876.18 24.45 4041.47 26.01 0.05 5.29 5.93 0.74 -16.92 -129.55
10/17 1.430 6:77 0.1448 9.6 58 0.25 15411.52 B44JI 5230.72 1.52 3664.64 26.15 0.05 3.60 4J8 0.81 -17.42 •128.34
11/14 1,305 6.88 0.1389 9J 59 b.d 15493.56 787.72 3082.89 3655.67 31.44 325 4.93 0.81 -1723 -129.03




3/4 1,130 6.81 a  1549 9J 56 0.12 1727191 851.83 5202.66 3453.89 16.06- ao6 3.81 6.23 0,87 -1623 -124.45
3/16 1,3:0
3/29 1,600 6.87 0.1349 9 0.48 18259.04 876.59 6024.49 418116 36.42 -16.79 -128.17
4/6 1,660
4/14 2,240 6.96 0.1582 9.2 62 0.49 1834627 903.20 5774.44 122 4349.66 23.83 <PQL 4.85 6.39 023 -17.02 -128.87
4/26 3,450
5/5 3,000 6.47 0.141 9J b.d 19276.43 871.91 685154 4713.55 40.92 -1722 -128.87
5/17 8,330
5/25 7,150 6.47 0,1506 8.7 0.22 16999.52 866.10 346020 4115 4254.03 23.89 <PQL 5.07 0.00 5.91 026 -162 -128.81
6/7 8,910
6/16 5,950 6.43 0.1499 8.8 b.d 17305.89 715.65 563131 681 423198 1829 -1622 -129.19
oOn
RSS Field Cbaniitiy Mass SpecICP (ogd,) IC (n8d.) ISO
Water Coodüctivrty T o p Alkalniiy Cd Co Cr Cd Fe Mn Pb NO, SO4 NO,
0"Date Havatka pH (mS) (degQ (mgCeCOÆ) Ai(.lO) Ce (100) (1.0) (1.0) (1.0) (1.0) (50.0) K (100) Mg(100) (10) Ne (100) (1.0) Zm(1.0) F (0.06) 0 (1 .0) (0.06) (1.0) (0.3) H*
W u 6.96 027 2579.00 1130 21100 92150 83190 24.90 -1711 -131.91
5/5
5/14 3206l6 7.16 0.0287 9 8 023 2774.80 4.69 10100 979.70 960.60 4120 0 119 nd -17.04 -130.61
5/19
5/25 3207.12 6.83 0.0282 8.8 0.23 3617.00 5.97 182.00 987.00 950.00 38.05 -17.67 •133 J3
' 6/2
6/9 3206.93 7.42 0.0307 7,47 8 022 275183 1.09 313.81 851.79 1.14 77412 48J32 0.01 0.42 117 nd -18.41 -128.41
6/16
6/22 3206.88 7.01 0.033 13.4 0.19 271015 229.40 906.86 760.53 43.07 -17.83 •125.8
6/30
7/9 3206.3 7.22 0.049 132 16 0.11 403815 321.05 1068.86 100158 33.45 l.BO nd •16.46 -139.28
7/19
7/30 3206 1.13 0.0644 16.1 023 6231.97 6.72 370.38 1543.58 1914.24 9.71 -17.08 -129.58
1/13
8/30 320604 7.82 0.0983 132 25 0.35 5915.00 310J8 1944J31 1690.64 40.55 0.02 0.65 1.92 ad -1713 -13117
9/16 3206J9
10/17 3206.2 722 0.0393 7.5 16 0.43 4470.34 430.31 1386,87 130181 48.04 0.01 0.61 1.73 •1715 -127.05
11/14 3206.06 9.17 0.0376 3.9 14 b .l 4100.47 127195 1136.50 34.76 1.81 -17.05 -128.35
12/13 3206.15 6.85 0.0364 0.9 b .i 4147.11 259.65 125119 1124.61 44.40 -17.35 -127.68
1/19 320646 6.75 0.0335 0 2 b .l 3230.11 279.62 1419.97 1288.58 3842 nd 117 0.00 1.49 nd •15.35 -121.89
2/4 3206.2 7.48 0.0335 3.1 12 0.17 3747.26 136113 1160.93 27.80 nd 014 0.00 1.90 nd -16.73 -12616
2/11 3206.15 6.73 0.0407 0 0.16 4415.73 256.65 158219 1431.65 2194 -16.77 -127.96
3/4 3206 7.4 0.0395 62 16 b.d 4408.88 277.05 185819 108147 30.06 0.04 0.57 3.03 0.00 •17.45 -127.52
3/16 3206.25
3/29 3206J5 7.89 0.0276 52 0.52 3696.39 1281.08 1078.14 2613 -161 -125.84
4/6 3206.32
4/14 7,04 0.0317 5.6 4 0.47 359181 161.14 1407.16 1236.12 21.44 a d 1.56 a d -16.47 -12491
4/26 3207
5/5 726 0.0286 8 029 1959.85 1263.51 1248.32 31.62 -16.63 -13612
5/17 3207.45
5/25 3207J3 6.49 0.0223 6.8 0.21 2519.62 184.34 89123 92159 3183 0.00 0.00 1.02 0.00 -1613 -12614
6/7 '  3207.1
6/16 6.42 0,0237 10 b.d 2240.33 747.44 724.12 24.62 -1617 -12712
'O
WPS FieU Chenisliy Man ̂ ecIC F (ugÆ,) IC(mg/L) ISO
Date
D isdm ge CoadDoiivî Temp A&alhdty Cd Co Cr Cn Fe Mb Fb NOb S0« m
0“(cft) pH (mS) («bgQ (ngCeCOi/L) As(.10) Cm(lOO) (10) (1.0) (1.0) (1.0) (50.0) K(IOO) MgOOO) 0.0) Ne (100) (1.0) Zn(l.O) P (0,06) a  (1,0) (0,06) 0.0) (03) H*
4/28 3.890 .
ÎÆ 5.260
5(14 4.069 7 J 0J19 11.6 90 0.14 32167.00 1087.00 10166.00 7.58 6314.00 26.80 0.06 718 4.94 038 •16.71 -12179
5/19 3.740
5(25 4,930 7.16 0,331 11.1 0.16 30500.00 1024.00 10435.00 1.78 5998.00 68.00 •16.91 -129.85
m 5,080
6/9 5,160 7.52 0.33 11.5 100 0.55 28485.00 125933 11150.00 148 6323.70 108.94 0.07 8.02 0.43 9.99 0.54 -1739 -124.8
6/16 4,270
6/22 3,270 7.14 0J22 11.7 0.05 25107,44 1161.06 9920.63 1.86 5735.88 69.65 -1734 -12336
6/30 3.200
7/9 2.200 7,18 OJ35 11.6 100 0.05 31111,88 1.10 87117 10076.85 1.81 5820.73 7109 0.07 7.40 030 9.40 0.75 -16.43 -129.65
7/19 1,690
7/30 1.210 7J8 0332 111 0.05 24033.88 129117 11231.63 660404 29.18 •15.8 -124.92
8/13 958
8/30 1,220 7.81 U 11.7 95 0.05 29051.06 1.85 1037.40 9273.19 134 536031 81.10 0.06 7,71 938 0.81 -17.03 -129.1
9/16 1,393
10/17 1,430 7.17 0.233 10 91 0.16 27231.62 863.44 887815 1.72 5195.36 58.84 0.07 8.13 939 0.68 -17.03 •1216
11/14 1.303 7.59 0,227 9.5 98 0.05 26698.96 811.63 8914.49 5331.73 5177 7.12 9.19 0.76 •1689 -129.13
12/13 1.340 7.18 0.252 10.1 0.05 29978.55 1.56 963.46 10005.52 160 5588.96 53.56 -17.73 -131.82




3/16 1,320 7.23 0152 103 92 b.d 29865.63 1.03 997.78 10534.84 500164 3134 0.06 7.57 8.59 039 -1613 -127.02
3/29 1,600 7.09 0116 103 0.36 30757.78 238 981.46 1001162 5685.30 38.52 -1731 -129.6
4/6 1,660
4/14 X3M 7.19 0153 101 b.d 28658.10 856.15 920111 5274.68 26.65 <FQL 7.55 8.70 1.00 -16.12 -126.52
4/26 3,450
5/5 3,000 6.93 0131 10.6 b.d 30956.02 859.75 9778,10 5533.63 25.04 -18.49 -13039
3/17 8,330
5/23 7,150 7.05 0.254 10.6 039 29904.32 1.48 993.32 948103 5506.90 43.28 <PQL 7.77 0.00 8.72 0.95 -1664 -130.69
6/7 8,980
6/16 5,950 65 0.253 10.7 d d 31242.60 811.58 9724.07 5551.15 25.95 -1647 -131.15
VO
00
RON Field Qiemstiy Mass Spec ICP (DgÆ,) IC(iug/L) ISO
D isdiatgc Coodnoliviÿ Tecq> ADoSiiî Cd Co Cr Cu Fe Mu Pb NO, SO4 NO,
Dub (oft) pH m (d«gC) (ingCaCOtÆ.) As (.10) Cs(IOO) (1.0) (1.0) (1.0) (1.0) (50.0) K(IOO) Mg (100) (1.0) Na(lOO) (1.0) Zn(l.O) F (0.06) a  (1.0) (0.06) (1.0) (OJ) 0" H*
s/19 3,740
5/23 4,930 7J3 0.404 9 1.62 40242.00 130 1427.00 11713.00 6121.00 37.71 -17.54 •13336
6/2 5,080
6/9 3,160 7.87 0.384 10 133 1.77 4299037 322 1505.77 1162345 5729.93 60.91 0.14 3.70 17.13 0.31 -17.77 -126.95
6/16 4,270
6/22 3J70 7.43 0388 9.4 1.64 41071.16 1.71 1454,83 10555.23 5443.81 30.80 -17,81 -12635
6/30 3,200
7/9 2,200 7.47 0386 93 127 1.42 38063.45 134 1551.38 10444.68 5410.18 39.52 0.13 3.40 14.70 0.30 •16.78 -13213
7/19 1,690
7/30 U lO 756 0J9J 93 2.07 40916.20 2.08 168539 11624.22 585357 39.56 -17,01 -IÎ2J91
8/13 958
8/30 1,220 8.2 .291* 9.4 140 391 33079.10 1.19 1460.50 1190038 10.50 515430 20.42 0.14 4.07 15.63 0J3 -17.17 -13132
9/16 1,395
10/17 1,430 7.43 0395 11.8* 138 1.86 4457318 I.S3 156377 1127313 5378.47 58.55 0.14 4.07 17.79 OJl -17.18 -130.48
11A4 UOS 7J4 0396 9.7 135 1.68 43041.08 138 1523.70 11204.87 5516.44 61.05 0.14 4.08 19.16 030 -17.04 -13233
12A3 1,340 7.61 034 10.4 1.67 42089.04 1.60 1470.56 11567.04 565327 83.25 -17.65 -13145
1/19 2,525 7.46 0339 9.8 129 1.55 42754.11 231 147132 11921.81 597737 13735 0.13 4.64 0.00 20.05 035 -16.17 -128.52
2/4 U 80 8.02 0333 9.6 135 1.61 44658.05 130 149035 11704.77 5754.63 7388 0.13 4.77 0.00 21.13 035 -1739 -13044
2/18 1,030 7.69 0345 9.6 1.49 44914.46 1497.86 11967.77 5933.87 49.84 -1611 -129.79
3/4 1,130
3/16 U20 764 0334 93 120 1.00 35509.40 1.69 117345 10480.76 4329,87 9322 0.13 4.55 20.74 035 -1716 -130.81
3/29 1,600
4/6 1,660 7.53 0335 91 1.71 42505,05 1531.71 11414.61 5718,62 124.68 -17.47 -13131
4/14 2,240
4/26 3,450 739 0.3 9.1 149 1.81 41520.13 130 1361.38 1107342 5857.05 67.18 0.14 4.64 19.53 0.34 -16.11 -129.69
5/3 3,000
3/17 8,330 7.44 0316 87 1.37 40034.89 301 2.14 1251.09 11548.45 5924.72 98.14 -16.78 -13159
3/23 7,130
6/7 8,980 7J8 0305 84 1.66 40409.08 1357.85 10978.04 5645.73 78.47 0.13 3.85 0.00 16.53 038 -1613 -131.33
6/16 5,950 1 7J2 037 8.5 1.22 4071U 1 1300.67 10979.12 558107 4394 -16.92 -13197
Appendix 5 
Precipitation for the Study Period
99
Daily ppt
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Arsenic in the Clark Fork River (Above and Below Mliltown Reservoir)
■ Clark Fork at Turah Bridge (Above Milltown] 
■Clark Fork Above Missoula (Below Milltown)
€  6.00
drawdown
M I I I I I I n I I ' r I ' M I II 1 I M  I I I > I M  m i  I I I  I M  I I I u  I M  M  I I M  I I I I I I  I !  I !  I !  I I I  I n  r I I I I  I I
Sample Date
A ppend ix  7 . Arsenic values for above and below Milltown Dam. The Blackfoot River dilutes the Clark Fork, giving lower 




P a g e l  of 1
Softw are V anlon 
O perato r 
S am ple  N u n h e r 
A uto8«m pter 
Instrum ent Nam e 
tntofVaoe Seftal •  
D elay Time 
Sam pling R ate  
G a o v k  V ohane 
S am ple  Amount 
D ata  AcquisWon Time
6 ^ 1 .0 .1 0 4 :0 1 0 4
A dm W atralor
















A rea R efect : OOOOOOO 
DtuOon Factor : 1O 0 
Cycle : 1
R aw  D ate  F ie  : C :\ElanH PiC tftaw D ala1060617\B 8 3  a n d  6 1 6 0 5 0 6 1 7 -1 4 4 1 07_74_0Z raw
Inat M ettmd : DEFAULT from  C.-1ElanHPLC\RBWDala10S0617taa 3  a n d  610-050617-144107  7 4  0 2 ja w
P ro c  M ettwd : CttBanHPLCVMeOiodaVune S jn lh  ftom
C a lb  M ethod : C:1BenHPLC1M e(hodsVtm  S  m lh  from
R eport Fo rm at File: DEFAULT.rpt .




1 TTi j n - n '  I r  i 1 I j I I r r ] i ' t
0.6 1.0 1.B 2.0
n  I '1 I I I [I!  I I I
2.6  0.Ô 3.6
Tbne[mta]
I ' "  n  '■
4.0 4.6
Arsenic 75 spéciation.
P e ak  C om ponent Time A rea Helgtit A rea Norm. Area C a t  Volt BL A djusted Raw
#  Nam e [mini [uV*eec] luVl [%1 m R ange R ange A m ount Amount
1 Aa3+ 2 6 3 8 36821.61 3977.52 53 .20 53.20 SB 10.1560 10.1589
2  805 4.608 32388 .18 2303.07 4 6 .8 0 46.80 BB 7 .o s r e 7.0575
6 8210 .79 6281.48 100.00 100.00 17.2164 17.2164
M issing Componeo# R eport
C om ponent Expected R etention  (CaffliraOon FBe)
d m a 2.8183.811
109
P a g e  1 of 1
Softw are Version 
OperaAor 
S am p le  Num ber 
A utoSam plar 
Inetrum ont N am e 
In terface S e ria l#  
D elay Tim e 
Sam pling R ate  
S am p le  Volume 
S am p le  Amourrt 
D a ta  Acquisition Time
ê .1.0.104.'0104
AdPmnMiatOT
0 .0 0  mln 
1.0881 ptitiK
1 .000000  pL
1.0000
6/17 /2005  1 7 :3 8 ^ 0
Date




A/D m V R ange
End Tim e











R aw  D ata  FBe : C A E IanH PL C lR aw D ala\oe0817l0808hgr-060617-17445^74j82.rew
Im t M ethod : DEFAULT ftom  C :\ElanH PljC \R 8w D ata\0S0617V M 06t«r-O 50617-17445^74jB 2.raw
P ra c  M ethod ; CAEhmHPLC\M e8iode\|une 8 .m th  from
CaBb M ethod : C ;\ElanHPLC\M elhod8\)uf» S.nrdh from
R eport Fom iat FBe: DEFAULT rpl





r rn - r p - T T T j
0.B 1.0
r r i  pTTTi [ 111-rr"
2.0 2« &0 
TTmaBnhig
T  j M  I I I 'i ! I T  I 'I I I i “j I I [ r ] ~ n
3.6 4.0 4.6 6.0 6.6
P e ak  C om ponent Time /free  
#  N am e {mini [u V e e c )
Arsenic 75 spéciation
Height A rea  Norm  A rea Gal. VoR BL Adjusted R aw  
[uV] I%J {%] R ange R ange  Am ount Amount
1 As3+
2  a s5
2.638 1204.88 121.60







0.3828 0  3 M 8  
2 .8678 2 .8679
17480.32 1242.58 100.00 100.00 3.2607 3.2607
Mtoeing C om ponent R eport




PaoB 1 of 1
Gofhware Version 
Operador 
S am p le  Number 
A utofiam pler 
Inebum errt N am e 
In terface S e ite l#  
D elay Tim e 
e a m p in o  R ate  
S a tn p la  Votam e 
S a m  pte Amount 
D ata  AoquisUon Time







Sam ple N am e
Study
RackA/lal
C b am el
A/D mV R ange
E ndT kne




6 3 7  mln
A reaR efecI : 0 .000000 
DiuOon F e d o r  : 1.00 
Cycle : l
R aw  D ata  F la  : C:1ElanHPLC\RawDataU)5OeO7tOeO7hor-OS06O7-1O4O83_74j0XfBW
Inat M ethod : DEFAULT from CÆIanHPlJCyRawfDataU>50607U)eo7tigr4)G0607-1940S3_74_82JBW
P ro c  M ettiod : C:\BBiiHPLCWIethodaVi0ie  S jn th  from
CaBb M ethod : CAGbmHPLClMetlwxtayune 8.in0) from
R eport Form al FBe: DEFAULT.rpt
S e q u e n c e  F ie  :
■i“ r f T i  i I I I I I I I I I I 'l 1 i~[ \ r n i - p - r r r p - ^ - r p i  t v i  | i n ' f  j i i i i |
OG 1.0 1.6 2.0 2.6 3.0 3.5 4.0 4.6 6.0 6.5
TIm liaIn)
Arsenic 75 spéciation
P e a k  C om ponent T in e  A rea H e ^ d  A rea Norm. Area Cat. Vott BL AriQusted R aw  
*  N am e [mln] ïCV*eecg luV | [%] {%] R ange  R ange  Am ount A m ount
1 Ab3+ X 6 8 6  1 3 8 1 2 0  1 5 6 6 2  6w46 6 / t6
2 a e e  4.711 2 0 1 8 2 2 6  16424)1 03 .6 4  93.54
2 1 6 5 3 5 5  1 6 9 8 S 3  1 00 .00  100.00
BB 0 .4439 0 .4439  
BB 3 J 7 6 S  3 .8766
4.3204 4 S 2 0 4
Mtssfeig C om ponent R eport
C om ponent Expected R etention (CaBxBtion F la )
dm a
m m a
2 S 1 8
3.811
111
P a g e l o r i
Softw are  Vérelon 
O pera to r 
S am p le  N um ber 
A utoSam pler 
Irw lnim ent K am e 
In teriaoe 8e<W # 
D elay Tim e 
GampBng R ate  
S am p le  Volume 
S a m p le  Amount 
D ata  AcquMUon Tim e
0 ^ 1 .0 .1 0 4 :0 1 0 4
AdmlnlBtfBtoi





Sam ple N am e 
Statdy 
RackM etf 
C h arnel 
A ff>nA /Range 
End Tttne











R aw  D ata  FBe : C:1ElanHPlJC\RawDaiatOS0310two 060406har-060407-142333 74 82j b w
Inst M ethod : DEFAULT ftom  C:\ElanHPLjC\RawOalaV15031cKwc 050400hgFf0W 4l& -142333_74 02 .m w
PiDC M ethod : CAEIanHPLC1MMhodet|tam 6  J iith  1mm
CaBb M ethod : CtlElanHPljCnM elhode^ime 8 .fn th  ftom
R ep o rt Form at FBe: DEFAULT j p t




P T T - r p r  1 I I I 1 1 f T j ' T I I  T  j f I I I  I I I I I I I I I I [
0.6 1.0 1.6 2.0 2.6 8.0 84
7iiM (naq
I I } I I I I I I I I I  I I I f I j [ I
t o  6.6
Arsenic 75 spéciation
P e ak  C om ponent Tim e A rea H etght A rea Norm. A rea CaL VoK BL A djuatad R aw  
#  N am e [mbif [d V a ec] [uVf [%] [%] R an g e  R ange Am ount A m o w t
4.801 0017.28 602.13 100.00 100.00
0017.28 682.13 100.00 100.00
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BB 0.8770  0 .8770
0.8770  0 .9770
1 1 2
P a g e  1 of 1
Solhware Vereton
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In terface Serial #  
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D ata  AcquMtton Time
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R aw  D ata  FBe : C.-\ElanHPLC\RBfwDataV050ei7V0606clir-O90617-172127_74jB2.raw
Inst M ethod : DEFAULT f m n  C :\ElanH PLCIRaw O ata\050ei7U )e06cfr-060ei7-172127_74_02.raw
P roc  MeWtod : C :\ElanH PLC\M ethodeyune 8 .m lh  from
CaBb M etttod : CAEIenHPLC1M e6ioda\|une 8 .m th  from
R eport Form at FBe: DEFAULT rpt
S e q u e n ce  FBe:
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Norm Area Cal. Volt BL A djusted Raw 
{%] R ange R ange  Amount Am ount
1 As3+
2  a s5
2.527  2036.16  162.14  8.64





0.8210 0 .6210 
4 .0987 4 .0987
23054.50  1445 .92  100.00 100.00 4.7197 4 .7197
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B o lh w m  Veralon 
O pera to r 
S am p le  N um ber 
A utoSam pler 
Ine lnanen t Nam e 
ln la rtaca  6 « lB l«  
D elay Tim e 
S a ra p ln g  R ate  
S a m p le  Volume 
S a m p le  Amount 
D a te  AcqubHton Tim e
6 ^ 1 i) .1 0 4 :0 1 0 4
AdrrrinhrtiBtor
0.00 mm 
i s e s i p l e t o  
1X100000 pL 
1X1000
ari7 /200B  10 :17X 6




A/D mV R ange
End Tim a




6 .70  mm
A raa R ^ e c t  : 0 .000000 
D M Ion Factor : 1.00 
C yde  : 1
R aw  D ale  FBe : CAEIanHPLC\RawDa«aVP60ei7VOe06dh2*OSOei7-182531 74 S2jb w
Inat M ethod : DEFAULT imomC:VEIanHPL.C\RawOata\060617\0606dhl2i-Orô617-ie2631 74 OZraw
P ro c  M ethod : CABanHPLCVMeOndaUune 8  jn lh  ho rn
c a >  M ethod : C:1BanHPLCVMelliodeyune 8 .ndh  ho rn
R eport Fomnel FBe: D EFAU LTjpt
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A rsenic 75 spéciation
A rea
1%I
N onn. A rea Cal. VoR BL Af^Queted R aw  
(%] R ange  R an g e  A m w eit A m ount
1 rhne




8369 .82  6 35X 2
16.68
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Miaetog C om ponent R eport
C om ponent E xpected  Retention (CaBbmUon FBe)
A a3+ 2.595
3.811
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